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Tannins have recently gained attention because of their potential health 
promoting properties, such as antioxidant, anti-inflammation, and cancer 
prevention activity. However, characterization of tannins is difficult due to the 
linkage complexity and structural diversity of monomeric units. To address 
this issue, the first part of the thesis investigated the characterization of tannins 
from natural plants using HPLC with a diol column operated under normal 
phase condition, LC-ESI-MS
n
, and MALDI-TOF MS. In addition, tannins 
were isolated and purified in preparative scale. The inhibitory activity of the 
isolated tannins on starch hydrolase was investigated. Results indicated that 
they are strong α-amylase and α-glucosidase inhibitors.  
  Condensed tannins, also known as proanthocyanidins, are polymers made of 
elementary flavan-3-ol units. They are well known for their precipitation of 
proteins. However, their interaction activity with starch is less known. In the 
investigation of the inhibitory activity of proanthocyanidins on rice starch 
hydrolysis by α-amylase, we found the interaction activity between 
proanthocyanidins and rice starch evidenced by starch hydrolase inhibition 
assay and UV-VIS spectroscopy measurements. In addition, at lower 
concentration of proanthocyanidins, the starch hydrolysis was inhibited after a 
certain reaction time because the bound proanthocyanidins were released upon 
partial hydrolysis of starch. Further experiments illustrated that 




  A proanthocyanidin A-type dimer derivative, dracoflavan B, was identified 
and isolated from the traditional medicine-dragon’s blood. Dracoflavan B 
strongly suppressed the hydrolysis of starch by pancreatic-amylase with an 
IC50 value of 22.3 μM which is comparable to acarbose, a benchmark starch 
hydrolase inhibitor. Unlike acarbose, dracoflavan B is a highly selective 
inhibitor as it does not show any inhibitory activity against α-glucosidase. 
Kinetic analysis revealed that, using starch as the substrate, dracoflavan B is a 
non-competitive α-amylase inhibitor with a Ki value of 11.7 μM. These results 
suggested that dracoflavan B, a potent inhibitor of pancreatic α-amylase, may 
be useful as a natural nutraceutical to prevent postprandial hyperglycemia. 
The second part of thesis demonstrated the hypochlorite scavenging activity 
of dietary organosulfur compounds mainly from garlic and cruciferous 
vegetables. The hypochlorite scavenging activity was determined by a 
convenient assay making use of a fluorescent nanoprobe quantum dots 
(QDs-Poly-CO2
-
). Hypochlorite scavenging activity of six organosulfur 
compounds were determined and compared. Their oxidation products by 
hypochlorite were identified. Our results illustrated that the possible 
hypochlorite scavenging activity of these six organosulfur compounds was due 
to the oxidation of sulfur atoms with low oxidation state. This assay was then 
applied to investigate the effect of boiling on the hypochlorite scavenging 
activity of garlic extract. Results indicated that boiling decreased the 
viii 
 
hypochlorite scavenging activity of garlic extract. Main bioactive compounds 
for hypochlorite scavenging activity in garlic extract were characterized and 
two sulfur containing peptides, including -glutamyl-S-allyl-L-cysteine and 
-glutamyl-S-(trans-1-propenyl)-L-cysteine, which are two major organosulfur 
compounds detected in both raw and boiled garlic extract exhibited potent 
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Part I: Isolation and Characterization of Tannins from 































1.1 Classification, structures and sources of tannins 
  Tannins were originally employed to describe the substances of vegetable 
origin capable of converting animal skin into leather. Later, Bate-Smith and 
Swain defined vegetable tannins as water-soluble phenolic compounds having 
a molecular weight between 500 and 3000 Dalton. In addition, tannins, like 
other phenolic compounds, give the usual phenolic reactions. Nevertheless, 
they possess special properties such as the ability to precipitate alkaloids, 
gelatin and other proteins. This special precipitation ability with proteins gives 
tannins an astringent character easily recognized in tannins-rich food (1).  
1.1.1 Classification and chemical structures of tannins 
  Tannins are classically divided into two groups, condensed tannins and 
hydrolyzable tannins. Condensed tannins, also known as proanthocyanidins, 
are polymers made of elementary flavan-3-ol units. Hydrolyzable tannins are 
esters of phenolic acids and a polyol, usually glucose. The phenolic acids are 
either gallic acid in gallotannins or other phenolic acids derived from the 
oxidation of galloyl residues in ellagitannins, such as hexahydroxydiphenic 
acid (2).  
Proanthocyanidins 
  Proanthocyanidins are polymers of flavan-3-ols. The flavan-3-ols which 
consist of proanthocyanidins have the typical C6-C3-C6 flavonoid skeleton. 
The three rings are distinguished by the letters A, B and C (Figure 1.1). They 




aromatic rings and the stereochemistry of the asymmetric carbons of the 
heterocycle. In addition, the gallic acid can also form an ester with the 
hydroxyl group of the flavanol in the C3 position which gives different 
structures of the monomers for proanthocyanidins. The commonly observed 
monomers that are present in proanthocyanidins include (epi)afzelechin, 
(epi)afzelechin gallate, (epi)catechin, (epi)catechin gallate, (epi)gallocatechin 




Figure 1.1 Basic structure of proanthocyanidins: R1, R2=H, propelargonidins;  













  The most commonly observed linkage pattern for proanthocyanidins is C-C 
bond established between the C4 of one flavanol unit and the C8 or C6 of 
another. Such proanthocyanidins belong to the so called B-type 
proanthocyanidins. In addition to B-type proanthocyanidins, A-type 
proanthocyanidins have also been reported in some food sources. In these 
A-type proanthocyanidins, an additional linkage between the C2 of the upper 
unit and the oxygen-bearing C7 or C5 of the lower one is formed in additional 
to the usual C4-C8 or C4-C6 bond (Figure 1.3).  
 
 
Figure 1.3 Structures of procyanidin A-type and B-type dimers. 
 
Hydrolyzable tannins 
  Pentagalloylglucose is the starting point for many complex hydrolyzable 
tannin structures. This compound belongs to the gallotannins which consist of 
a central polyol, such as glucose and is surrounded by several gallic acid units. 
Further gallic acid units can be attached through a depside bond (Figure 1.4). 




biosynthetically from pentagalloylglucose by oxidative reactions between the 











Figure 1.4 Example of a depside bond which is formed between the phenolic  
group of the upper and the acid group of the lower gallic acid units 
   
Important examples of gallotannins include Chinese tannin (tannin acid), 
Turkish tannin, Tara tannin, Acer tannin and Hamamelis tannin. Corilagin is 
the simplest form of ellagitannin. Other important ellagitannins include 
chebulinic acid and chebulagic acid. Their chemical structures are listed in 



























Figure 1.6 Examples of ellagitannins 
 
1.1.2 Sources and content of tannins 
  Tannins have been found to distribute in a variety of plants which are 
utilized as food and feed. Some species can produce proanthocyanidins or 
hydrolyzable tannins, either gallotannins or ellagitannins, while others can 
produce complex mixtures containing gallo-, ellagi- and condensed tannins. 
Acacia, Acer and Fagaceae are three well known examples for having both 
condensed and hydrolyzable tannins. 
  Proanthocyanidins are widely distributed in fruits, vegetables, forage plants, 
cocoa, red wine, and certain food grains, such as sorghum, finger millets, and 




after lignin. Gu et al have screened for proanthocyanidins in 88 food items 
including fruits, vegetables, cereal, beans, nuts, spices and beverages, and 
found 39 of them containing proanthocyanidins (3). Fruits were found to be 
the major sources of proanthocyanidins in diet, while vegetables were not 
important sources of proanthocyanidins. A lot of cereals were observed to 
contain proanthocyanidins, such as barley, pinto bean, red kidney bean, and 
sorghum. In addition, nuts such as almond, cashew and peanut were also good 
sources of proanthocyanidins. In nature, most of the proanthocyanidins exist 
as the form of procyanidins, while propelargonidins and prodelphinidins are 
less common compared with the procyanidins. They are most heterogeneous 
in their constituent units and coexist with procyanidins. In Gu et al’s report, 
propelargonidins were detected in only 7 foods, which were raspberry, 
strawberry, pinto bean, small red bean, red kidney bean, almond and cinnamon. 
While prodelphinidins were also only detected in 7 foods including 
blackcurrant, grape, hazelnut, pecan, pistachios, wine and beer. In addition, 
unlike B-type proanthocyanidins, A-type proanthocyanidins are found in only 
a few foods, such as peanut and cinnamon. Gu et al found that only 6 out of 39 
kinds of foods with proanthocyanidins had the A-type proanthocyanidins, 
which were cranberry, plum, avocado, curry, and also peanut and cinnamon. 
What is more, the proportion of A-type proanthocyanidins in the total 
proanthocyanidins is different and dependent on the kinds of foods. For 




proanthocyanidins in curry and cinnamon. In contrast, only 51-65% of 
proanthocyanidins were A-type proanthocyanidins in cranberry and peanut. 
Plums contained even less A-type proanthocyanidins which were only 17-29% 
of proanthocyanidins. Avocado contained the least A-type proanthocyanidins 
(less than 12 %).  
Ellagitannins are widely distributed in the lower of Hamamelidae, 
Dilleniidae and Rosidae. In addition, ellagitannins are detected in almost all 
varieties of berries and their derivatives. Other fruits, such as blue plum, 
pomegranate, red apples, navel oranges, grapes and kiwi also contain 
ellagitannins. Nuts, such as pecans, walnuts, brazil nuts, peanuts and cashews, 
are also good sources of ellagitannins (4). In contrast, the distribution of 
gallotannins is rather limited in nature. They are not universally distributed in 
higher plants. A well known plant that contains high content of gallotannins is 
Chinese gall which is used as a traditional Chinese medicine. They are 
produced by the tree tissue as a response to the parasitic insect Melaphis 
chinensis Baker on the host plant Rhus chinensis Mill (5). Gallotannins are 
also present in other plants, such as Paeonia suffruticosa (6), Paeonia 
lactiflora (7), Schinus terebinthifolius (8), Acer truncatum Bunge (9), and 
Terminalia chebula (10).  
1.2 Starch hydrolase inhibition activities 
1.2.1 α-Amylase and α-glucosidase 




intestine surface are two enzymes that are involved in the starch digestion. 
Both enzymes catalyze hydrolysis reaction of starch via conjugated acid-based 
catalysis. The hydrolysis process starts with the catalysis of starch by 
α-amylase present in human saliva, followed by pancreatic amylase in the 
duodenum. α-Amylase (EC 3.2.1.1) are endoglucanases that catalyze the 
hydrolysis of the endo α-(1,4) glycosidic linkages in starch and related 
polysaccharides. In vitro measurement, porcine pancreatic α-amylase (PPA), 
instead of the human pancreatic α-amylase (HPA), is most commonly used 
considering its lower cost. PPA is composed of 496 amino acid residues and 
shows 83% identity to its human counterpart HPA (11). α-Glucosidase (EC 
3.2.1.20) is a group of enzyme, typical exo-type α-glucosidase 
O-linkage-hydrolases releasing D-glucose from the non-reducing end side of 
substrate.  
α-Amylase and α-glucosidase have distinct substrate binding sites. 
α-Amylase has a long grove filled with amino acid residues that can form 
multiple hydrogen bonds with oligosaccharides (12), whereas the substrate 
binding sites for α-glucosidase is much smaller. The structural difference of 
the two enzymes enables selectivity of the inhibitors. In addition, the 
hydrolysis products by α-amylase and α-glucosidase are different. For 
α-glucosidase, the hydrolysis product is mainly glucose, while the hydrolysis 
products of PPA are mainly maltose, maltotriose, maltotetraose, and 




1.2.2 Starch hydrolase activity measurement 
Since the substrates of α-amylase and α-glucosidase are different, the 
methods used to measure their activities are also different. For α-amylase, the 
most widely used assay is 3,5-dinitrosalicylic acid (DNSA) assay, which is 
reactive towards reducing ends of oligosaccharides formed in the hydrolysis 
(13). The product of hydrolysis of α-glucosidase is mainly glucose and 
coupled enzyme assay using glucose oxidase and peroxidase is commonly 
used for quantitation of the inhibitory activity (14). In addition, synthetic 
chromogenic molecular probes such as p-nitrophenyl-glucoside (pNPG) is also 
adopted because of its convenience for both α-amylase and α-glucosidase 
activity measurements (15). 
1.2.3 Tannins as starch hydrolase inhibitors 
Polyphenolic compounds are probably one of the most intensively studied 
natural products for their activity as radical scavengers, anti-inflammatory 
agents, inhibitors for enzymes including α-glucosidase and α-amylase. Among 
them, hydrolyzable tannins and condensed tannins as two main classes of 
polyphenolic compounds are capable of interaction with proteins through 
nonspecific binding. The interaction with protein positively correlated with 
higher molecular weight and degree of polymerization of tannins. There are a 
number of hydrolyzable tannins isolated that show potent inhibitory activity 
on α-amylase andα-glucosidase. These include iso-oenothein C from Eugenia 




from rose flower in Xinjiang province, China (17). 
Proanthocyanidins were shown to be potent inhibitors of α-amylase and 
α-glucosidase. Their inhibitory activity is higher with higher degree of 
polymerization, which is consistent with the notion that the inhibition may be 
due to nonspecific binding with proteins (18). In human digestion tract, there 
are proteases that can hydrolyze the proteins and may be able to release the 
proanthocyanidins bound on protein once they are hydrolyzed. This hypothesis 
needs to be evaluated in simulated digestion conditions where pancreatic juice 
or related proteases can be added together to mimic the in vivo digestion 
conditions. Proanthocyanidins are abundant in plant kingdom and would be a 
highly attractive active ingredient for low glycemic index (GI) foods provided 
they can remain effective in vivo and do not compromise sensory attributes of 
the foods. 
1.3 Analytical methods of tannins 
  Due to the complexity of structure of tannins, the analysis of tannins is 
always difficult. Analytical techniques, such as NMR spectroscopy, HPLC and 
mass spectrometry have been applied in the literature to analyze the tannins.  
1.3.1 NMR spectroscopy 
  Nuclear magnetic resonance (NMR) spectroscopy is a useful technique for 
the structural identification of tannins. Up to now, the NMR spectra of more 









and HMBC) (19). For proanthocyanidins, the degree of polymerization could 
be estimated using 
1
H NMR by integrating the A-ring proton signals between 
5.8 and 6.5 ppm and comparing them to the intensity of the H4 signals of the 
terminal units between 2.4 and 3.0 ppm (20). In addition, the areas of the C3 
resonances for the extention and terminal flavanol could be integrated to 
obtain the average molecular weights of proanthocyanidins (21). It was also 
noted that 
13
C NMR spectra can provide the information about the type of 
linkage of proanthocyanidins, as A-type linkage often show the signals at 
151-152 ppm due to C5 and C7 of the A ring involved in the double linkage.  
1.3.2 HPLC 
  In addition to the NMR spectroscopy, high-performance liquid 
chromatography (HPLC) is another useful technique for the analysis of tannins. 
Both normal phase and reverse phase HPLC have been applied. However, 
normal phase HPLC is better in separating tannins by their molecular weights 
than reversed phase HPLC for the analysis of tannins. Tanaka et al showed 
that if hydrolyzable tannins are chromatographed on reversed phase columns, 
the chromatograms were much more complicated which was attributed to 
anomeric isomers and acetal formation in the alcoholic HPLC eluants (22). 
Furthermore, reverse phase HPLC can only separate lower molecular weight 
proanthocyanidins, and the order of elution by reverse phase HPLC is not 
related to the degree of polymerization (23). Separation of larger polymers 




similar polarity. Normal phase HPLC could separate the oligomers and 
polymers of proanthocyanidins with the order of elution increased with 
increase in degree of polymerization (24). Recently, Kelm et al have 
developed a novel HPLC method which was applied successfully to separate 
and isolate cacao procyanidins from unfermented cacao seeds (25). This 
method utilizes diol stationary phase column operating in normal phase mode 
with a binary gradient of acidified acetonitrile and methanol-water, which are 
more environmentally friendly compared with the chlorinated solvents used in 
the normal phase column.  
1.3.3 Mass spectrometry 
  Mass spectrometry (MS) also offers valuable information for the 
identification of tannins. In particular, electrospray ionization (ESI) MS and 
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS 
are most commonly used to characterize the structures of tannins. ESI-MS 
mass spectrum can show the units and linkage character via a series of 
molecular ions. It is a gentle, sensitive and the most often used method to date. 
Typical losses for ellagitannins during fragmentation are galloyl (152 amu), 
HHDP (302 amu), galloylglucose (332 amu), HHDP-glucose (482 amu), and 
galloyl-HHDP-glucose (634 amu) (26). While for gallotannins, characteristic 
losses of 152 and 170 amu were attributed to gallic acid units. The main 
fragmentation pathways for proanthocyanidins, i.e. quinone-methide (QM) 




shown in Figure 1.7. However, ESI-MS is constrained by its limited range 
imposed by the quadruple analyzer and the possible presence of 
multiply-charged ions for larger molecules. Therefore, MALDI-TOF MS 
could be an alternative technique for analysis of tannins, as it allows detection 
of high mass with precision and produces only a singly charged molecular ion 
for each parent molecule (27). In contrast to ESI, MALDI-TOF MS frequently 
provides better detection in positive ionization. And 2,5-dihydroxybenzoic 
acid (DHB) is the most suited matrix, as it provides the broadest mass range 





















1.4 Aim of this research 
The overall aim of this research is to characterize and isolate the tannins and 
proanthocyanidin derivatives from natural plants, and investigate their starch 
hydrolase inhibitory activity on -amylase and -glucosidase for the treatment 
of type II diabetes. Inhibition of these two major digestive enzymes has been 
anticipated to retard the digestion of starch in the small intestine, hence 
reducing the postprandial glucose level, which is beneficial for the treatment 
of type II diabetes. The isolated proanthocyanidins from different natural 
origins have sigficant structural differences, such as monomer species, linkage 
patterns and degree of polymerizations. More importantly, the structural 
elucidation of proanthocyanidins from different natural origins would render 
the opportunity to investigate the structure-property relationship and to better 
understand the mechanism of the enzyme inhibition process. Specifically, this 
project will include the following research tasks: 
(1) To separate and characterize the proanthocyanidins in chiku using a diol 
HPLC column. In addition, isolate the proanthocyanidins in preparative scale 
and further characterize the distribution of the oligomers by MALDI-TOF MS. 
Furthermore, isolated proanthocyanidins will be tested for their inhibition 
activities on α-amylase and α-glucosidase. 
(2) To identify and characterize the polyphenols, in particular, 
proanthocyanidins in the stem of Polygonum multiflorum Thunb. The 




α-amylase and α-glucosidase.  
(3) To characterize the interaction activity of proanthocyanidins isolated from 
Amomi fructus with rice starch. Furthermore, the respective contributions of 
amylose and amylopectin of rice starch in the complexation with 
proanthocyanidins, either independently or synergistically will be studied. 
(4) To optimize and fully validate a chromatographic method for identification 
and quantitation of gallotannins in traditional Chinese medicines.  
(5) To isolate a novel α-amylase inhibitor, dracoflavan B, from the traditional 
medicine, dragon’s blood. Inhibition activities of dracoflavan B on various 
digestive enzymes will be compared and inhibition mechanism will be 

























Profiles and α-Amylase Inhibition Activity 
of Proanthocyanidins in Unripe  












  Manilkara zapota, also known as sapodilla or chiku, belongs to the 
Sapotaceae family. Among the commonly consumed tropical fruits in 
Singapore, chiku was found to possess the highest total phenolic content and 
water soluble peroxyl radical scavenging activity as measured by hydrophilic 
oxygen radical scavenging capacity assay (28). The polyphenols in unripe 
chiku were reported as catechin, epicatechin, gallocatechin, 
4-hydroxycatechins, chlorogenic acid, and gallic acid (29-31). Shui and 
coworkers detected proanthocyanidins in chiku, which might be responsible 
for its high antioxidant activity (29). The proanthocyanidins in unripe chiku 
make it highly astringent; as the fruit matures, the sugar level increases and the 
proanthocyanidins content decreases. The proanthocyanidins of chiku have not 
been characterized. Thus, this study was designed to separate and characterize 
the proanthocyanidins in chiku using a diol HPLC column that has been 
shown to successfully separate proanthocyanidins in cocoa (25). In addition, 
we isolated the proanthocyanidins in preparative scale and further 
characterized the distribution of the oligomers by MALDI-TOF mass 
spectrometry. 
  Proanthocyanidins are known to exhibit a variety of health benefits, 
including antitumor effects (32), platelet aggregation inhibition (33), and 
modulation of several reactions associated with inflammation (34). In addition, 





in vitro study (35). However, as secondary metabolites highly abundant in 
plant kingdom and in the agricultural biomass, proanthocyanidins have not yet 
been widely utilized as renewable resource for industrial applications. 
Chemically, proanthocyanidins can be good starting materials for synthesis of 
flavanol derivatives through acid mediated depolymerization in the presence 
of nucleophiles. We have demonstrated that proanthocyanidins isolated from 
mangosteen were excellent starting materials for preparation of epicatechin 
derivatives (36).
 
Such application requires the oligomers to have a uniform 
B-type linkage and one type of flavanol extension unit as well as high mean 
degree of polymerization.  
2.2 Materials and methods  
2.2.1 Reagents and instruments 
  α-Amylase (type VI-B, from porcine pancreas), corn starch, acarbose, 
glucose assay kit (glucose oxidase / peroxidase reagent; o-dianisidine reagent), 
α-glucosidase in the form of rat intestine acetone powder, mercaptoacetic acid, 
standard gallocatechin, epigallocatechin, catechin, epicatechin, gallocatechin 
gallate and epigallocatechin gallate were obtained from Sigma-Aldrich 
Chemical Co. (St Louis, MO). Standard epicatechin thioether was synthesized 
according to the reported method (37). Gallic acid was purchased from Acros 
Organics (Singapore). Folin-Ciocalteu reagent was purchased from Merck 
(Darmstadt, Germany). Anhydrous sodium carbonate was purchased from 





local supermarket in Singapore. The proanthocyanidins profiles of chiku from 
both Vietnam and Indonesia were characterized and no significant difference 
between them was found. Therefore, only chiku from Vietnam was used in this 
study. HPLC-MS/MS analysis was conducted using Bruker Amazon ion trap 
mass spectrometer (Billerica, MA) equipped with Dionex ultimate 3000RS 
HPLC system (Bannockburn, IL). The heated capillary and spray voltage were 
maintained at 250 C and 4.5 kV, respectively. Nitrogen was operated at 80 psi 
for sheath gas flow rate and 20 psi for auxiliary gas flow rate. The full scan 
mass spectra from m/z 50–2000 were acquired in negative ion mode with a 
scan speed of one scan per second. The MS
n
 collision gas was helium with 
collision energy of 30% of the 5V end cap maximum tickling voltage. The 
microplate reader (Synergy HT, Bio-tek Instruments Inc., Winooski, VT) was 
used to determine turbidity change and total phenolic contents. MALDI-TOF 
mass spectra were collected on a Bruker microTOF-QII mass spectrometer 
equipped with delayed extraction and a dinitrogen laser set at 337 nm. The 
length of one laser pulse was three nanoseconds. The measurements were 
carried out using the following conditions: positive polarity, linear flight path 
with 21 kV acceleration voltage, and 100 pulses per spectrum. The samples 
were dissolved in methanol (5 mg/mL). Sodium chloride and 
2,5-dihydroxybenzoic acid as the matrix were used to enhance ion formation 
(38). An aqueous solution of sodium chloride (1.0 μL, 0.1 M) was added to the 





methanol solution of 2,5-dihydroxybenzoic acid (10 mg/mL). The resulting 
solution (1.0 μL) was evaporated and introduced into the spectrophotometer.  
2.2.2 Extraction of proanthocyanidins from chiku  
  Fresh chiku (600 g) was peeled, cut into small pieces and ground. The 
resulting paste was extracted by a mixture of acetone/water (7:3, 3×5.0 L) 
with shaking for 2 h at room temperature. The mixture was filtered and the 
solvent was then evaporated to yield slurry containing crude 
proanthocyanidins fraction (20 mL), which was filtered through a PTFE 0.45 
μm membrane filter (Epsom, United Kingdom) and then loaded on a Sephadex 
LH-20 column (column i.d., 5 cm) containing 50 g of LH-20 equilibrated with 
MeOH/water (1:1) for 4 h. The column was washed with MeOH/water (1:1) 
until the eluent turned colorless. The adsorbed proanthocyanidins were then 
eluted with aqueous acetone (70%, 500 mL). The acetone was removed on a 
rotary evaporator at 40 °C and the resulting residue was freeze-dried to give a 
light brown powder (1.4 g, 0.9% of dry matter).  
2.2.3 HPLC and tandem mass spectrometry 
  Proanthocyanidins (10 mg) from chiku was dissolved in one mL methanol. 
Twenty μL of the solution was filtered through a PTFE 0.45 µm membrane 
filter before injection into the liquid chromatography/mass spectrometry 
(LC/MS) system. The column used was a 250 mm x 4.6 mm i.d., 5 µm, 
Develosil diol with a 4 mm x 4 mm i.d. guard column of the same materials 





column temperature, 35 °C; mobile phase A, 2% acetic acid in acetonitrile; 
mobile phase B, acidic aqueous methanol (CH3OH: H2O: HOAc, 95:3:2 v/v/v). 
The starting mobile phase condition was 7% B holding isocratic for 3 min 
before ramping solvent B to 37.6% over 57 min and then to 100% B 3 min 
thereafter. B was held at 100% for 7 min prior to returning to starting 
conditions (7% B) in 6 min. The column was equilibrated with 7% B for 5 min 
prior to the next run.  
2.2.4 Thiolysis of proanthocyanidins for HPLC analysis 
  Thiolysis was conducted following a reported method (3). In a small glass 
vial, chiku proanthocyanidins solution (50 μL, 2 mg/mL in methanol) was 
mixed together with methanol acidified with concentrated HCl (50 μL, 3.3%, 
v/v) and 100 μL of mercaptoacetic acid (5% v/v in methanol). The vial was 
sealed with an inert Teflon cap, heated in 40 °C water bath for 30 min, kept at 
room temperature for 10 h, and then kept in the freezer (-20 °C) until the 
thiolysis media was analyzed using LC/MS. The column used was a 250 mm x 
4.6 mm i.d., 3 µm, Atlantis C18 column (Waters, Ireland). The binary mobile 
phases consisted of A (2% acetic acid in water, v/v) and B (methanol), which 
were delivered in a linear gradient of B from 15 to 80% (v/v) in 45 min. The 
flow rate was set at 1.0 mL/min.  
2.2.5 Determination of α-glucosidase activity  
 The rat intestine acetone powder (0.5 g) was dissolved in 20 mL sodium 





was centrifuged at 2000g at 4 °C for 10 min. The supernatant was kept at 
-20 °C for further use. α-Glucosidase solution (diluted 40 X, 150 μL) was 
pre-incubated with the same quantity of sodium phosphate buffer (0.1 M, pH 
6.9) in a thermo shaker for 5 min at 37 °C. The reaction was started by adding 
300 μL of 20 mg/mL maltose solution. Eighty μL of the mixture was taken out 
every 2 min, and immediately placed in boiling water bath to stop the reaction. 
Forty μL inactivated suspension was incubated with 80 μL glucose assay 
reagent in microplate at 37 °C for 30 min. Eighty μL sulfuric acid (6 M) was 
added and the solution was mixed by shaking. The absorbance was measured 
at 540 nm. The glucose calibration curve was prepared at final concentration 
range of 5-25 μg/mL. One unit (U) enzyme activity was defined as the amount 
of the enzyme that liberates 1.0 μM glucose from the substrate in one min 
under the test conditions (39). The optical density (y-axis, OD at 540 nm) was 
linearly increased over time (x-axis) with y = 0.0412x+0.3734, R
2
 = 0.99. The 
α-glucosidase activity in the stock solution was calculated to be 3.08 U/mL. 
2.2.6 Determination of the activity of chiku proanthocyanidins in 
inhibiting α-amylase and α-glucosidase  
  This was done by following a reported method (40). Inhibition assay 
solution consisted of enzyme solution (50 μL), inhibitor solution (50 μL), and 
1% starch solution (100 μL). The enzyme concentrations used for this assay 
were 3 U/mL for porcine pancreatic α-amylase and 1×10-2 U/mL for rat 
intestine α-glucosidase. Acarbose was prepared in sodium phosphate buffer 





and then diluted by sodium phosphate buffer to appropriate concentrations. 
  In a 96-well microplate, 50 μL enzyme solution was pre-incubated with 50 
μL proanthocyanidins solution with series of concentrations in microplate 
reader for 15 min at 37 °C. For α-amylase, the final concentrations of the 
proanthocyanidins were 3, 4, 5, 6, 7 and 8 μg/mL, while for α-glucosidase, the 
final concentrations proanthocyanidins were 8, 12, 16, 20, 24 and 28 μg/mL. 
The reaction was started by injecting 100 μL starch solution using 12-channel 
multichannel pipette. The turbidity change was immediately monitored at 660 
nm for 2 h. The percentage of inhibition was defined by Equation 2.1:  
 
in which AUCsample is area under the curve (AUC) of inhibitor; AUCcontrol is the 
area under the curve without inhibitors. The IC50 can be defined as the 
concentration of inhibitor that produces 50% inhibition of enzyme activity 
under the specified assay condition.  
2.2.7 Determination of total phenolic contents  
Total phenolic contents (TPC) for proanthocyanidins extract from chiku was 
determined colorimetrically with the Folin-Ciocalteu (FC) reagent, using a 
slightly modified method of Fukumoto and Mazza (41).
 
The reaction mixture 
contained 20 μL proanthocyanidins solution, 160 μL FC reagent (0.2 M), and 
20 μL sodium carbonate solution; the mixture was kept in the dark under 
ambient condition for 30 min to complete the reaction. The absorbance of the 











concentration of total phenolic compounds was expressed as mg of gallic acid 
equivalents per gram of extract. 
2.2.8 Statistical Analysis  
  Statistical analysis was performed using Microsoft Excel 2007. The data 
were expressed as mean of quintuple runs ± S.D with replicate analysis. 
2.3 Results and discussion 
2.3.1 Characterization of proanthocyanidins from chiku using HPLC/MS
n
 
  Diol column has been reported to analyze proanthocyanidins from cocoa, 
grape pomace, grape seed, cranberry, blueberry and strawberry with good 
baseline resolved separation of up to decamers (25, 42, 43) and hence it is 
used in our current study for the analysis of proanthocyanidins from chiku.  
  HPLC separation of proanthocyanidins from chiku is shown in Figure 2.1. 
To further characterize these peaks, HPLC-ESI-MS
n
 at negative mode was 
performed and the results are summarized in Table 2.1. The structures of 
proanthocyanidins were assigned based on m/z of their parent ions and their 
corresponding fragment ions from MS
2
. Because mass spectrometry could not 
differentiate the chirality of C3 on the flavan-3-ols, we used (epi)catechin to 
indicate that the product could be either catechin or epicatechin.  
  Peak 1 gave the m/z value of 593 [306+290-(2-1)×2-1]. Its anionic MS
2 
gave main daughter ion peaks at m/z 289, 425, 467 and 575. Main fragment 
ion at m/z 289 [M-H-304]
-
 was assigned to be (epi)catechin and might arise 







 might arise from retro Diels-Alder fission of the heterocyclic rings 
and m/z 467 [M-H-126]
-
 might arise from heterocyclic ring fission (HRF) of 
the heterocyclic rings. The fragmentation pathway of this dimer is shown in 
Figure 1.7. Thus, peak 1 was assigned as a dimer of (epi)gallocatechin (G) 
and (epi)catechin (C). However, from the MS
2
 fragmentation pattern it is not 
possible to distinguish if the linkage sequence (i.e. GC or CG). Peak 3 gave 
the m/z value of 861 [290×3-(3-1)×2-2×2-1], and thus assigned to be double 
A-type (epi)catechins trimer. Peak 4 had the m/z of 779 
[290×2+306-(3-1)×2-1×2-1]. Its main fragment ions at m/z 287 
[M-H-288-304]
-
 and 575 [M-H-304]
-
 are common fragments from 
interflavanoid bond cleavage. m/z 287 was a quinone methide (epi)catechin 
which indicated that (epi)catechin was the extension unit. Thus peak 4 was 
assigned as an A-type trimer of two (epi)catechins and one (epi)gallocatechin. 
Peak 7 had the m/z of 1201 [306×3+290-(4-1)×2-1]. Its main daughter ion at 
m/z 897 [M-H-304]
-
 might arise from the interflavanoid bond cleavage by 
losing a neutral (epi)gallocatechin quinone methide fragment; this indicated 
that the terminal unit was a (epi)gallocatechin. The peak at m/z 1015 
[M-H-168-18]
-
 might arise from retro Diels-Alder fission of the heterocyclic 
ring and further loss of water while m/z 1075 [M-H-126]
-
 might arise from 
fission of the heterocyclic rings. Peak 7 was therefore assigned to be a 
tetramer of three (epi)gallocatechins and one (epi)catechin unit. Peak 9 had the 







 and 761 [M-H-304×2]
-
 might arise from interflavanoid bond 
cleavage; m/z 1183 [M-H-168-18]
-
 might arise from retro Diels-Alder fission 
of the heterocyclic rings and loss of water. Therefore, peak 9 was assigned to 
be a tetramer of three (epi)gallocatechins and one (epi)gallocatechin gallate. 
Peak 10 gave the m/z of 1505 [306×4+290-(5-1)×2-1]. Its main fragment ion 
at m/z 1201 [M-H-304]
-
 was from interflavanoid bond fragmentation losing a 
neutral gallocatechin quinone methide. Therefore, peak 10 was assigned to be 
a B-type pentamer of four (epi)gallocatechins and one (epi)catechin. Peak 12 
had the m/z of 1809 [306×5+290-(6-1)×2-1]. Its main fragment ions at m/z 
1505 [M-H-304]
-
 and 1201 [M-H-304×2]
-
 were derived from interflavanoid 
bond cleavage. Therefore, peak 12 was assigned to be a hexamer of five 
(epi)gallocatechins and one (epi)catechin. 
  Parent ions at m/z [M-H]
-
 for peak 2, 5, 6, 8, 11, 13 were 745, 913, 1065, 
1217, 1521 and 1825 respectively. These peaks have been identified by 
previous report (29), and our assignments were consistent with their results. 
Peak 2 gave the m/z of 745 [290+458-(2-1)×2-1] Da. Its main fragment ions at 
m/z 457 [M-H-288]
-
 might arise from interflavanoid bond cleavage. Therefore, 
peak 2 was assigned as a dimer of one (epi)catechin and one (epi)gallocatechin 
gallate. Peak 5 gave the m/z of 913 [306×3-(3-1)×2-1]. Its main fragment ions 
at m/z 609 [M-H-304]
-
 might arise from interflavanoid bond cleavage; m/z 745 
[M-H-168]
-
 might arise from retro Diels-Alder fission of the heterocyclic rings. 





gave the m/z of 1065 [306×2+458-(3-1)×2-1]. Its main fragment ions at m/z 
761 [M-H-304]
-
 might arise from interflavanoid bond cleavage; m/z 897 
[M-H-168]
-
 might arise from retro Diels-Alder fission of the heterocyclic rings. 
Therefore, peak 6 was assigned to be a trimer of two (epi)gallocatechins and 
one (epi)gallocatechin gallate. Peak 8, 11 and 13 gave the m/z of 1217 
[306×4-(4-1)×2-1], 1521 [306×5-(5-1)×2-1] and 1825 [306×6-(6-1)×2-1], 
respectively. Similar fragmentation patterns of these peaks to peak 5 have been 
tabulated in Table 2.1. Therefore, peak 8, 11 and 13 were assigned to be 
tetramer, pentamer and hexamer of (epi)gallocatechins, respectively. The 
commonly seen pattern of the fragmentations of these oligomers is the release 
of a neutral fragment of 304 which suggests that the oligomers have the same 
extension unit of (epi)gallocatechin. For the identity of the terminal unit, it is 
likely to be (epi)catechin as shown from the thiolyzed product that produces 
catechin thioether derivative. 
  The proanthocyanidins with one A-type linkage were identified readily on 
MS by their m/z of [M-H]
-
 being two unit less than those of the B-type 
proanthocyanidins. Therefore, our LC-MS
2 
results showed that, among the 13 
compounds, only peak 3 and peak 4 had the A-type linkages; the rest were all 
B-type linkage. In addition, in the presence of B-type interflavanoid bond, 
A-type interflavanoid bonds in the same molecule do not undergo quinone 
methide cleavage. Therefore, the position of an A-type linkage in the 





Therefore, the A-type trimer of peak 4 had an (epi)catechin→A→ 
(epi)catechin→(epi)gallocatechin connection. 
 












1 Dimer, GC-C (or C-GC)
a
 593 289,425,467.575 
2 Dimer, C-GCG 745 339,457,577 
3 A-type Trimer, (C)3 861 527,579,594,762 
4 A-type Trimer, (C)2-GC 879 287,407,575,675,765 
5 Trimer, GC3 913 609,745 
6 Trimer, GC2-GCG 1065 441,761,897 
7 Tetramer, (GC)3-C 1201 897,1015,1075 
8 Tetramer, (GC)4 1217 609,745,913 
9 Tetramer, (GC)3-GCG 1369 761,939,1065,1183 
10 Pentamer, (GC)4-C 1505 725,1201,1337 
11 Pentamer, (GC)5 1521 609,913,1217,1353 
12 Hexamer, (GC)5-C 1809 1201,1351,1453,1505 
13 Hexamer, (GC)6 1825 913,1217,1521,1657 
a
C, GC and GCG are the abbreviation for (epi)catechin, (epi)gallocatechin, and 
(epi)gallocatechin gallate, respectively. The stereochemistry of the chiral carbons on 
the C ring of flavanols units is not defined. 
 
Figure 2.1 HPLC chromatogram of oligomeric proanthocyanidins in chiku. 
The identities of the compounds are listed in Table 2.1. 
 





To investigate the main components of proanthocyanidins and the sequence 
of the monomeric units in chiku, depolymerization through thiolysis reaction 
was carried out by following standard conditions using mercaptoacetic acid 
(37).
 
The advantage of using mercaptoacetic acid over commonly used 
mercaptotoluene is that the former has no UV-VIS absorbance at the detection 
wavelengths (280 nm) of the (epi)catechins and gives better HPLC 
chromatogram for thiolysis products in the reaction mixture (Figure 2.2). We 
have compared the conversion of mangosteen proanthocyanidins by different 
thiol compounds and found that mercaptoacetic acid gave highest conversion 
(55% yield) to epicatechin thioether (44). In this case, the peaks of thiolyzed 
derivatives were identified using the LC-MS and standard compounds. The 
major product observed was the 4β-(carboxymethyl)sulphanyl- 
(-)-(epi)gallocatechin methyl ester along with significant amounts of 
4β-(carboxymethyl)sulphanyl-(-)-epicatechin methyl ester and 
4β-(carboxymethyl)sulphanyl-(-)-(epi)gallocatechin gallate methyl ester and 
much smaller peaks for gallocatechin, epigallocatechin, catechin, 
epigallocatechin gallate, epicatechin and 4β-(carboxymethyl)sulphanyl- 
(-)-(epi)catechin gallate methyl ester. This result suggested that there were 
significant amounts of (epi)gallocatechin extension units in chiku 
proanthocyanidins. In addition, the major terminal unit in chiku 
proanthocyanidins was epigallocatechin judging from the HPLC peak intensity. 





estimated to be 9.0 by comparing the peak areas from the area under the 
curves of the HPLC chromatogram based on Equation 2.2. It should be 
pointed out that, due to the lower absorbance co-efficient of the gallocatechin 
in comparison with that of epicatechin, the actual mean degree of 
polymerization is likely to be a little higher. 
  
  Proanthocyanidins isolated from different plants show various mDPs and 
characteristics of monomeric units. Prodelphinidins are less common in nature 
compared with the procyanidins which exist most widely in plants. They are 
most heterogeneous in their constituent units and coexist with procyanidins (3). 
Other than chiku proanthocyanidins, blackcurrants (3), fruits of poisonous 
plant Iris pseudacorus (45) and sea buckthorn pomace (46) were all observed 
to have high distributions of (epi)gallocatechin subunits within the mixture of 
proanthocyanidins. 
  The A-type linkage in proanthocyanidins remains stable during the thiolytic 
degradation (47). The A-type linkage in terminal units is released as an A-type 
dimer, whereas the A-type linkage between the extension units yields an 
A-type dimer thioether. However, in our thiolysis result, no A-type dimer 
derivatives were observed although they were detected in small amount (peak 
3 and 4 in Figure 2.1). The thiolyzed products concentrations could be below 
the detection limit. 
 


















Figure 2.2 HPLC chromatogram of thiolytic products of proanthocyanidins by 
mercaptoacetic acid. Gallocatechin, 1; epigallocatechin, 2; catechin, 3; 
epigallocatechin gallate, 4; epicatechin, 5; (epi)gallocatechin thioether, 6; 
(epi)gallocatechin thioether, 7; (epi)gallocatechin gallate thioether, 8; 
epicatechin thioether, 9; (epi)catechin gallate thioether, 10. 
 
2.3.3 MALDI-TOF MS analysis of chiku proanthocyanidins  
  A series of peaks arising from proanthocyanidins at m/z [M+Na]
+
 as well as 
[M+K]
+
 were obtained from trimer to decamer (Figure 2.3). The major peak 
assignments are listed in Table 2.2. The difference between the major peaks 
was at m/z 304, which coincides with the mass of (epi)gallocatechin. The 
spectra revealed a second m/z increment of 152, coinciding with the mass of 
the galloyl group, which indicated the existence of (epi)gallocatechin gallate. 
The major peaks were accompanied by peaks of 16 smaller or larger (Figure 
2.3). The peak with 16 m/z smaller is likely due to one less –OH group in one 
of the monomeric units. While the peak with 16 m/z larger can arise from two 
possibilities: K
+
 instead of Na
+
 ion (the mass difference is also 16), and one 
more –OH group on one of the monomeric unit. However, for oligomers with 
















on the B ring. The thiolyzed product profile does not support presence of such 
product either. Based on this analysis, peak 1241.2 could be assigned as the 
tetramer of (epi)gallocatechins (+Na
+
). Peak 1225.2 might be tetramer of three 
(epi)gallocatechins and one (epi)catechin. Peak 1209.3 might be tetramer of 
two (epi)gallocatechins and two (epi)catechins. Peak 1257.3 could also be 
assigned to the tetramer of (epi)gallocatechins, but with K
+

























  Polymer Basic unit Interflavan bond 
1089.2 trimer (GC)2-GCG B type 
1241.2 tetramer (GC)4 B type 
1393.2 tetramer (GC)3-GCG B type 
1545.3 pentamer (GC)5 B type 
1697.3 pentamer (GC)4-GCG B type 
1849.3 hexamer (GC)6 B type 
2001.3 hexamer (GC)5-GCG B type 
2153.3 heptamer (GC)7 B type 
2305.3 heptamer (GC)6-GCG B type 
2457.4 octamer (GC)8 B type 
2609.4 octamer (GC)7-GCG B type 
2761.4 nonamer (GC)9 B type 
2897.4 nonamer (GC)8-CG/(GC)7-C-GCG B type 
3065.4 decamer (GC)10 B type 
 a
C, GC, CG and GCG are the abbreviation for (epi)catechin,(epi)gallocatechin, 
(epi)catechin gallate and (epi)gallocatechin gallate, respectively; the stereochemistry 
of the chiral carbons on the C ring of flavanol units is not defined. 
 
2.3.4 Inhibitory activity of chiku proanthocyanidins on α-amylase and 
α-glucosidase  
  We applied a recently reported high-throughput method for rapid 
determination of starch hydrolase inhibition of chiku proanthocyanidins (40). 
Figure 2.4 summarized the inhibitory effects of different concentrations of 
proanthocyanidins against α-amylase and α-glucosidase. A dose-dependent 
effect can be observed and the result showed that the proanthocyanidins 
caused significant α-amylase inhibition with a concentration as low as 3 
μg/mL. The inhibitory activity increased linearly with the increased 
concentrations of proanthocyanidins. When the extract concentration reached 
8 μg/mL, this inhibitory activity could reach about 90%. From the dose 





IC50 of 16.6  0.3 μg/mL for α-glucosidase. To investigate that chiku 
proanthocyanidins are responsible for this enzyme inhibitory activity, we 
tested the inhibiton activity of the thiolyzed product mixtures and found that 
there is no detectable inhibitory activity for both α-amylase and α-glucosidase 
(Figure 2.4 E and F). Therefore, we concluded that it might be the 
proanthocyanidins, not other compounds or the proanthocyanidins monomers 
in chiku proanthocyanidins that cause this inhibitory activity. Although our 
results are in agreement with the fact that proanthocyanidins from berry (35),
 
chestnut skins (48), and sorghum bran (49) are known amylase inhibitors, it is 
also possible that the reaction conditions (acid + mild heating) may inflict 
changes also on other active compounds in the mixture and inhibitory activity 
may be lost due to the limitation of this thiolysis method. A more proper and 








Figure 2.4 (A) Turbidity change at different concentration of chiku extract 
that reflects inhibitory effect of chiku proanthocyanidins on starch hydrolysis 
by α-amylase; (B) the relationship between AUC and the chiku 
proanthocyanidins concentration; (C), the representative kinetic curves of 
starch hydrolysis by α-glucosidase in the presence of chiku extract; (D), the 
net AUC and percent inhibition change by chiku extract; (E) the representative 
kinetic curve of starch hydrolysis by α-amylase in the presence of thiolyzed 
proanthocyanidins; (F) the representative kinetic curve of starch hydrolysis by 
α-glucosidase in the presence of thiolyzed chiku proanthocyanidins. 
 
2.3.5 Total phenolic contents  
  The total phenolic contents of the proanthocyanidins from chiku were 





phenolic contents of grape seed extract had a value of 734  27 mg GAE/g 
extract (40). The total phenolic contents of proanthocyanidins from chiku are 
much lower than that of grape seed extract. However, the α-amylase inhibitory 
activity is even stronger than that of grape seed extract. This indicates that the 
total phenolic contents are not directly responsible for the relevant inhibition 
effects between total phenolic contents and starch hydrolase inhibitory activity. 
This inhibitory activity mainly depends on the specific structure of phenolic 
compounds which could serve as α-amylase inhibiting groups.  
2.4 Conclusion 
  In summary, we have shown that chiku is a good source of oligomeric 
proanthocyanidins dominant with B-type linkages. Characterization of the 
components of proanthocyanidins in chiku was done by LC-ESI-MS
n
. Results 
showed that proanthocyanidins in chiku were mainly composed of 
gallocatechin and/or epigallocatechin units. The chiku proanthocyanidins 























Characterization of Proanthocyanidins in Stem of 









The root of Foti or Polygonum multiflorum Thunb has found broad use as a 
tonic and herb in China for many traditional uses, including treatment of hair 
loss (50), replenishing the vital essence of blood, curing malaria, and clearing 
away toxins (51). The main active constituents in the roots have been 
characterized as polyphenolic compounds including hydroxyanthraquinones, 
stilbenoids and proanthocyanidins (52, 53), which are responsible for radical 
scavenging activity of the roots (54). The mice fed with root extracts of 
Polygonum multiflorum Thunb were shown to possess improved learning and 
memory ability and reduced oxidative stress status as measured by 
malondialdehyde concentrations (55). Consistent with this work, it was found 
that antioxidants in Polygonum multiflorum Thunb roots were mostly 
extractable using water (56) indicating active components are hydrophilic 
compounds including 2,3,5,4ˊ-tetrahydroxystilbene 2-O-β-D-glucopyranoside, 
which is the main antioxidant in the root (54). In addition to the radical 
scavenging activity, Sang and coworkers have shown that stilbene glucoside 
from Polygonum multiflorum Thunb can trap methylglyoxal, the toxic reactive 
carbonyl species that can react with protein and lead to formation advanced 
glycation end product (57). Since the methylglyoxal toxicity is a major cause 
of diabetic complications (58), mitigation of its harmful effect through a 
herbal medicine would be a potential useful application of Polygonum 





The existing literature on bioactive components strongly substantiates the 
health promotion effect of the roots of Polygonum multiflorum Thunb. In 
addition to the roots, the stems, or tuber Fleeceflower Stem of the plant have 
been used as traditional herb for over a thousand years in health promotion 
purposes. In contrast to the roots, much less research has been carried out on 
characterization of bioactive components in the stems. Although it has been 
reported that the stem of Polygonum multiflorum Thunb exhibited even more 
potent antioxidant capacity than the root of Polygonum multiflorum Thunb 
(59), its polyphenolic profile is not fully characterized. Reported herein are the 
results of our attempts to elucidate polyphenolic compound profiles in the 
stems of Polygonum multiflorum Thunb. In particular, using high throughput 
assay as a guide, we identified and characterized the proanthocyanidins in the 
stems as potent starch hydrolase inhibitors, which has potential as functional 
ingredients in reducing postprandial hyperglycemia.  
3.2 Materials and methods 
3.2.1 Reagents and instruments 
α-Amylase (A3176, type VI-B, from porcine pancreas), corn starch (S4126), 
acarbose, α-glucosidase in the form of rat intestine acetone powder, 
mercaptoacetic acid were obtained from Sigma-Aldrich Chemical Co. (St 
Louis, MO). The stems of Polygonum multiflorum Thunb were cultivated 
products obtained on July 2011 from Jiuzhihe Township, Luotian County, 





(number: SING-2011-553).  
The instruments of HPLC and LC-MS
n
 used were the same with the ones 
described in Section 2.2.1.  
3.2.2 Extraction of polyphenolic compounds from P. multiflorum Thunb  
The freeze-dried P. multiflorum Thunb (50 g) was meshed and extracted 
with 200 mL 90% methanol for 4 h at room temperature. Filtration was carried 
out to remove any insoluble solids. The supernatant was collected and the 
volatiles were evaporated by rotary evaporator and the dried residue was 
further dissolved in methanol for HPLC analysis.  
3.2.3 Isolation of proanthocyanidins 
  Proanthocyanidins were isolated according to the procedure described in 
Section 2.2.2.  
3.2.4 HPLC and tandem mass spectrometry 
The HPLC condition for the analysis of the acetone:H2O (7:3) extract from 
P. multiflorum Thunb was the same with the condition described in Section 
2.2.3. In addition, UV-VIS detector was set at 280 nm and epicatechin 
standard was run under the same condition for estimation of 
proanthocyanidins contents.  
The 90% methanol extract (10 mg) from P. multiflorum Thunb was 
dissolved in one mL methanol. One µL of the solution was filtered through a 
0.45 μm filter before injection into the LC/MSn system equipped with a 
Atlantis
®





conditions were as follows: flow rate, 0.3 mL/min; column temperature 25 °C; 
mobile phase A, water (0.1% acetic acid); mobile phase B, acetonitrile. The 
starting mobile phase condition is 5% B; hold isocratic for 30 min. 
Subsequently, ramp solvent B to 80% over 5 min and to 100% B 5 min 
thereafter. Hold the conditions at 100% B for 5 min prior to returning to 
starting conditions (5% B) over 3 min. The wavelength of UV detector was set 
at 280 nm.  
3.2.5 Thiolysis of proanthocyanidins for HPLC analysis 
  The thiolysis reaction was conducted according to the procedure described 
in Section 2.2.4.  
3.2.6 α-Amylase and α-glucosidase inhibition assay 
  Inhibitory activity of proanthocyanidins extract on α-amylase and 
α-glucosidase was determined according to the procedure described in Section 
2.2.6.  
3.3 Results and discussion 
3.3.1 HPLC and high resolution mass spectra characterization of 
polyphenols extract 
The HPLC chromatogram of methanolic extract of P. multiflorum Thunb is 
given in Figure 3.1. Eleven peaks were characterized based on the 
HR-LC-MS results and MS
n
 fragmentation behaviors (Table 3.1). Three 
classes of compounds are identified:  
3.3.1.1 Flavan-3-ols  





proanthocyanidins according to the accurate [M-H]
-
 anion mass and the 
fragmentation pattern of the ESI-MS
n
 (anionic mode). Compound 1, 2 and 5 
have the accurate m/z [M-H]
-
 of 577.1366, 865.2010 and 1153.2572 
respectively and were tentatively assigned as dimeric, trimeric and tetrameric 
proanthocyanidins. Compound at peak 3 has the accurate m/z [M-H]
- 
of 
1017.2071 and was tentatively assigned as the trimer of proanthocyanidins 
with two units of (epi)catechins and one unit of (epi)catechin gallate. The 
secondary mass of peak 1 gave three daughter ion peaks. A peak at m/z 451 
arises from heterocyclic ring fission of the heterocyclic rings; a peak at m/z 
425 arises from retro Diels-Alder fission of the heterocyclic rings, and, lastly, 
a peak m/z 287 fragment is formed via quinone-methide (QM) cleavage of the 
interflavanic bond (60). 
3.3.1.2 Phenylpropanoids and stilbenoids  
Peak 4 has the accurate m/z [M-H]
-
 of 839.2396. Its corresponding formula 
is C41H43O19. The same compound was found in Meehania urticifolia (61). 
The fragmentation by MS
2
 gave a peak at m/z [M-H]
-
 of 677 due to loss of one 
caffeoyl group from the molecular ion. Fragment ion at m/z [M-H]
-
 of 515 
might arise from the further loss of one glucose moiety. Therefore, Peak 4 was 
tentatively assigned as the complexes of ester of phenylpropanoid and 
phenylethanoid glucoside (Figure 3.2). Compound at peak 6 has the accurate 
m/z [M-H]
-
 of 405.1190. Its secondary ion at m/z 243 arises from the loss of 





cleavage between the alkene bond. Therefore, it was tentatively assigned as 
the tetrahydroxystilbene glucoside. Based on this result, we can conclude that, 
the stem of the Polygonum multiflorum Thunb also contains significant 
amount of stilbene derivatives found in the roots. 
3.3.1.3 Anthraquinone derivatives 
Four compounds of this class were detected. Peak 8 and 9 have the accurate 
m/z [M-H]
-
 at 431.0982 and 445.1149. Their secondary ions are 269 and 283, 
respectively, which arises from the loss of one glucose moiety. Therefore, they 
were tentatively assigned as the emodin glucoside and physcion glucoside. 
Peak 10 has the accurate m/z [M-H]
-
 of 283.0599. Its secondary ion at m/z 268 
[M-H-15]
-
 was suggested be formed by eliminating a methyl group. Peak at 
m/z 240 [M-H-15-28]
-
 was suggested to be formed by further eliminating a CO 
group (62). This is consistent with the fragmentation pattern of physcion as 
reported (62). Compound at peak 11 has the accurate m/z [M-H]
-
 of 269.0445. 
Its secondary ion at m/z 241 [M-H-28]
- 
arise from losing a CO group. Its 
secondary ion at m/z 224 [M-H-28-17]
-
 arise from further loss of a hydroxyl 
group. Therefore, compound 11 was tentatively identified as the emodin. The 
chemical structures are shown in Figure 3.2.  
In addition to the three class of compounds, a hydrolyzable tannin (peak 7) 
was identified as methyl-O-digalloyl glucoside, with accurate [M-H]
-
 at m/z 
497.0934. Its secondary ion at m/z 345 arises from the loss of one galloyl 





Figure 3.1 HPLC chromatogram of phenolic compounds in 




Table 3.1 LC-HR-MS and LC-MS
n
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Figure 3.2 Structures of phenolic compounds identified in 
P. multiflorum Thunb. G, galloyl group; Glu, glucose 
 
3.3.2 HPLC and LC-ESI-MS
n
 characterization of proanthocyanidins 
Aqueous acetone (Acetone:H2O, v/v, 7:3) extraction of P. multiflorum 
Thunb yielded crude proanthocyanidins. To fully characterize the compounds 
present in this extract, the HPLC and LC-MS
n
 analysis were carried out using 
diol column that was reported to be particularly effective in separating 
proanthocyanidins (60-62). It worked nicely in proanthocyanidins as shown by 
the HPLC chromatogram (Figure 3.3). We were able to assign the structures 
of the proanthocyanidins from peak 1 to 9 according to [M-H]
-
 anion mass and 
the fragmentation pattern of the ESI-MS
n
 (anionic mode). Compounds at peak 
1, 2, 4, 6 and 8 have negative molecular ions [M-H]
-
 for dimer (m/z 577), 
trimer (865), tetramer (1153), pentamer (1441), and hexamer (1729) 
(epi)catechins with B type linkage respectively. The type of linkage for 
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less than B-type linkage. Peaks 3, 5, 7 and 9 have [M-H]
-
 of m/z 1017 (trimer), 
1305 (tetramer), 1593 (pentamer) and 1881 (hexamer) derivatives of one 
gallate unit based on the molecular anion of 152 (galloyl) larger than 
respective (epi)catechin oligomers (Table 3.2). The MS
2
 fragmentation 
patterns are in agreement with typical proanthocyanidins. Comparing to the 
higher oligomer peaks at 66 min (Figure 3.3), these oligomer contents are 
insignificant. In addition, the amount of proanthocyanidins in the extract was 
estimated from HPLC chromatograms using epicatechin as a reference 
standard. The proanthocyanidins content was estimated to be 37 mg 
epicatechin equivalent per 100 mg extracts. 
 
    
Figure 3.3 HPLC chromatogram of proanthocyanidins in P. multiflorum 













Table 3.2 Observed ions of proanthocyanidins in P. multiflorum Thunb by 
ESI-MS (anionic mode) 
Peak 
number 






 fragmentation ions 
1 Dimer, (epi)C2 577 451,425,287 
2 Trimer, (epi)C3 865 575,407 
3 Trimer, (epi)C2-(epi)CG 1017 847,729,577,287 
4 Tetramer, (epi)C4 1153 863,575,407 
5 Tetramer, (epi)C3-(epi)CG 1305 1179,1017,847,729,577,451 
6 Pentamer, (epi)C5 1441 1315,1151,865 
7 Pentamer, (epi)C4-(epi)CG 1593 1467,1441,1305,1017,727, 
575,447 
8 Hexamer, (epi)C6 1729 1603,1577,1441,1151,1027, 
863,737,576 
9 Hexamer, (epi)C5-(epi)CG 1881 1729,1593,1305,1177,1015, 
865,739 
 
3.3.3 Thiolysis of proanthocyanidins for HPLC and LC-ESI-MS analysis 
To determine the mean degree of polymerization, thiolysis reaction using 
mercaptoacetic acid as the nucleophilic agent (37) was conducted to 
investigate the main components of proanthocyanidins and the resulting HPLC 
profile of thiolysis reaction products is given in Figure 3.4. The peaks were 
identified according to retention time of the standard compounds and 
LC-ESI-MS results. The major product observed was the 
4β-(carboxymethyl)sulphanyl-(-)-catechin methyl ester, followed by 
4β-(carboxymethyl)sulphanyl-(-)-epicatechin methyl ester and 
4β-(carboxymethyl)-sulphanyl-(-)-(epi)catechin gallate methyl ester. These 
results showed that the extension units of proanthocyanidins in P. multiflorum 
Thunb consist of catechin, epicatechin and (epi)catechin gallate. For the 
terminal units, catechin and epicatechin were both observed from the thiolysis 





the HPLC, the mean DP of P. multiflorum Thunb proanthocyanidins was 
calculated to be 32.6 based on Equation 2.2. It should be pointed out that, due 
to the higher absorbance coefficient of the (epi)catechin gallate , the actual 
mean degree of polymerization is likely to be a little lower.  
 
Figure 3.4 HPLC chromatogram of thiolytic products of proanthocyanidins. 
Catechin, 1; epicatechin, 2; catechin thioether, 3; epicatechin thioether, 4; 
(epi)catechin gallate thioether, 5. 
 
3.3.4 Starch hydrolase inhibitory activity 
P. multiflorum proanthocyanidins extract showed strong inhibitory activity 
for starch hydrolase as measured using high throughput assay developed in our 
lab using turbidity changes as means to monitor starch hydrolysis kinetics (40). 
The speed of the hydrolysis by α-amylase and α-glucosidase decreases with 
increasing proanthocyanidin concentrations (Figure 3.5). A linear correlation 
of dose-dependent effect could be observed and the IC50 were calculated as 2.9 
and 7.4 µg/mL, respectively. By comparing with acarbose as a reference 






































































































proanthocyanidins is 1954.7 µmol AE/g for α-amylase (IC50 = 2.9 ± 0.15 
µg/mL) and 211.1 µmol AE/g for α-glucosidase (IC50 = 7.4 ± 0.35 µg/mL). 
Therefore, the proanthocyanidins are more selective towards α-amylase 
comparing to acarbose. It warrants further study on how this selectivity would 
impact the side effects in human subjects in the future. 
 
Figure 3.5 a) Kinetic curves of α-amylase under different concentration of 
proanthocyanidins extract; b) α-amylase inhibitory activity vs concentrations 
of proanthocyanidins extract; c) Kinetic curves of α-glucosidase under 
different concentration of proanthocyanidins extract; d) α-glucosidase 
inhibitory activity vs concentrations of proanthocyanidins extract. 
 
3.4 Conclusion 
We have shown that stems of P. multiflorum Thunb contain similar 







utilized as herbal medicine. It is remarkable that the stems contain high 
amount of proanthocyanidins dominantly composed of catechin and/or 
epicatechin units and very large mean degree of polymerization at 32.5. This is 
ideal feature for converting the proanthocyanidins into value added 
epicatechin derivatives (63). The proanthocyanidins exhibit potent α-amylase 
and moderate α-glucosidase inhibitory activity. Economically stems of P. 
multiflorum Thunb are readily available and are under-utilized comparing to 
roots. Our results highlights the need for further research and application of 
polyphenolic compounds in the stems as starting materials for epicatechin 





























Decreasing the Enzymatic Digestibility of Rice Starch 








According to the World Health Organization, there are about 348 million 
people having diabetes and the deaths caused by diabetes are projected to 
double from 2005 to 2030 (64). To combat this and other dreadful chronic 
diseases, intensive research work has been carried out on developing 
functional foods that contain active ingredients for reducing the risk factors of 
the chronic diseases (65). One effective and safe way to control hyperglycemia 
is by consumption of foods with low glycemic index (66). Rice (Oryza sativa 
L.) is a major food crop and Asia produces and consumes almost 90% of rice 
globally (67). Starch is the major constituent of rice and contains about 15-20% 
of amylose plus 80-85% of amylopectin by weight, depending on different 
varieties (68). On average, boiled white rice has high glycemic index at 73 ± 4 
and the brown rice is slightly lower at 68 ± 4 (69). The high GI values of rice 
may attribute to its association with a significantly increased risk of type 2 
diabetes, especially in Asian populations, where rice is the staple food (70). 
α-Amylase is considered to be a key enzyme involved in the starch digestion 
process. Therefore, inhibition on α-amylase will lower the postprandial blood 
glucose, and thus help to prevent type 2 diabetes (71).  
Proanthocyanidins are already known to possess strong α-amylase 
inhibitory activity (18, 60). Besides, their widely distribution in natural plants 
also make them as promising α-amylase inhibitors. However, 





proline-rich proteins of saliva (72, 73) which limits their use in food matrix. In 
addition, possible non-specific binding to α-amylase due to proanthocyanidins’ 
strong binding to proteins (74-76) might lower their α-amylase inhibitory 
activity in small intestine. In the current study, we observed the existence of 
rice starch-proanthocyanidins interactions for the first time, and the 
interactions were evidenced by the enzyme inhibition test and UV-VIS 
spectroscopy measurements. In addition, the release of proanthocyanidins 
from rice starch-proanthocyanidins complexes during enzyme digestion 
process was investigated by UV-VIS spectroscopy measurements and DNSA 
assay. The complexation of rice starch with proanthocyanidins may be used as 
carriers for the protection and slow release of proanthocyanidins which might 
be a low cost and convient method for improvement of proanthocyandins’ use 
in food matrix. Furthermore, the respective contributions of amylose and 
amylopectin in the complexation with proanthocyanidins, either independently 
or synergistically were studied in this paper. This was investigated using direct 
UV-VIS spectroscopy analysis and starch/iodine complexation experiments. 
Besides, the effect of proanthocyanidins on the thermal behavior of amylose 
was analyzed by differential scanning calorimetry (DSC). Reported herein are 
our findings on the isolation and characterization of proanthocyanidins from 
Amomi fructus and subsequently utilization of the proanthocyanidins in 
mitigating enzymatic hydrolysis rate of rice starch by α-amylase. 





4.2.1 Reagents and instruments 
Rice starch, amylose, amylopectin, porcine pancreatic α-amylase, DNSA, 
acarbose and epicatechin were purchased from Sigma-Aldrich Chemical 
Company (St Louis, MO). The dried Amomi fructus was collected at Man 
Gang Na County (Yunnan province, China) in August, 2011. The typical 
material of Amomi fructus was shown in Appendix Figure 1. The phosphate 
buffer (pH 6.9; 0.1 M) was prepared in house. The instruments of HPLC and 
LC-MS
n
 used were the same as described in Section 2.2.1. The microplate 
reader (Bio-Tek Instruments Inc., Winooski, VT) was used to determine the 
turbidity change. UV-VIS absorption spectra were recorded with a Shimadzu 
UV-1601 UV-visible spectrophotometer and they were acquired at room 
temperature in a 1-cm path length 1.5 mL quartz cuvette. DSC was performed 
on a TA instrument 2920 at a heating rate of 10°C/min under nitrogen flow.  
The porcine pancreatic α-amylase concentration used for this assay was 1.3 
U/mL. Acarbose was prepared in stock phosphate buffer solution. An accurate 
weight of proanthocyanidins and epicatechin were firstly dissolved in 
methanol, followed by a serial dilution with phosphate buffer solution for 
analysis. Gelatinized rice starch, amylose and amylopectin suspension were 
prepared by dissolving 0.4 g powder into 40 ml of phosphate buffer solution 
followed by heating the suspension at 80 ºC on a hot plate with vigorous 
magnetic stirring. After cooling to room temperature, the starch suspension 





4.2.2 Isolation of proanthocyanidins from A. fructus 
  Proanthocyanidins were isolated according to the procedure described in 
Section 2.2.2.  
4.2.3 HPLC and tandem mass spectrometry 
  The HPLC condition for the analysis of proanthocyanidins extract from A. 
fructus was the same with the condition described in Section 2.2.3. 
4.2.4 Thiolysis of the proanthocyanidins for HPLC analysis 
  The thiolysis reaction was conducted according to the procedure described 
in Section 2.2.4. 
4.2.5 Determination of enzymatic inhibitory activity of proanthocyanidins 
Inhibitory activity of proanthocyanidins extract on α-amylase was 
determined according to the procedure described in Section 2.2.6. 
4.2.6 Complexation of proanthocyanidins with rice starch 
Proanthocyanidins solutions (400 μL) with variable concentrations were 
pipetted into separate reaction vials followed by addition of 600 μL of starch 
suspension into the vials. For a comparison purpose, a mixed 
proanthocyanidins and phosphate buffer solution instead of starch suspension 
was also prepared. The sample vials were incubated at 37 ºC for 15 min 
followed by centrifugation at 4000g for 5 min. The supernatants were then 
subject to UV-VIS measurement from 200 to 400 nm to quantify the free 
proanthocyanidins concentration. The amount of proanthocyanidins 





proanthocyanidins with the free proanthocyanidins. 
4.2.7 Complexation of proanthocyanidins with amylose 
4.2.7.1 UV-VIS spectroscopy measurement 
Proanthocyanidins solution (400 µL) was pipetted into separate reaction vial 
followed by adding 600 µL of amylose or amylopectin suspension into the vial. 
For comparison purpose, a mixed proanthocyanidins and water instead of 
amylose or amylopectin suspension was prepared. The sample vials were 
incubated at 37 °C for 15 min in a thermal-shaker followed by centrifugation 
at 4000g for 5 min. The supernatant solution was then subject to UV-VIS 
measurement which was recorded from 200 to 400 nm to monitor the decrease 
of proanthocyanidins after incubation with amylose or amylopectin 
suspension.  
4.2.7.2 Starch/Iodine complexation 
Amylose or amylopectin suspension (0.1 mg/mL, 0.6 mL) was mixed with 
proanthocyanidins solutions (0.3 mL) and incubated at 37 °C for 15 min in a 
thermal-shaker before iodine solution (0.1 mL, 100 mM) was added to the 
suspension. Iodine solution was prepared according to Takahama et al (77). 
Recording of absorbance spectra was started at one min after the addition of 
iodine solution. A control sample with identical procedures was prepared using 
water instead of proanthocyanidins solution. 
4.2.7.3 Impact of proanthocyanidins complexation on gelatinization 
behavior of amylose 





amylose solution with proanthocyanidins solution for 15 min at 37 °C in a 
shaking water bath. The mixture was precipitated by centrifugation at 10000g 
for 5 min. The supernatant was discarded and the precipitate was washed 
twice with an ethanol/water mixture (50:50, w/w) followed by centrifugation 
at 10000g for 5 min. The solid was freeze dried. Amylose without 
proanthocyanidins was independently prepared following the same procedures 
as above as a control sample. For differential scanning calorimetric 
measurements, amylose-proanthocyanidins complexes (3 mg) were weighed in 
stainless steel pan, to the powder, water (9 mg) was added to give moisture 
content of 75%. The pan was sealed and placed in the DSC instrument. The 
DSC scan was preformed from 25 to 120 °C at rate of 10 °C/min. The 
reference sample was 9 mg of water. DSC measurement on amylose sample 
was carried out in the same manner for comparison.  
4.2.8 Determination of inhibitory activity of released proanthocyanidins 
using DNSA assay 
DNSA assay was applied to determine the inhibitory activity of released 
proanthocyanidins from proanthocyanidins-starch complexes during the 
enzymatic digestion process. DNSA solution was prepared as described by 
Bernfeld (13). Twenty μL of proanthocyanidins solution with serial 
concentrations and 60 μL of starch solution were pipetted into centrifuge vials 
and incubated at 37 ºC for 15 min. Enzyme solution (20 μL) was added to 
each vial. The reaction was quenched at specific time points of 20, 40, 60, 80, 





Sample vials were further immersed in a boiling water bath for 5 min for color 
development. A control sample with identical procedures was also prepared by 
replacing the proanthocyanidins solution with phosphate buffer solution. An 
aliquot of 200 μL from each vial was pipetted into a separate well and mixed 
with 500 μL of water. Absorbance at 540 nm was measured by a microplate 
reader. 
4.2.9 Release of proanthocyanidins from proanthocyanidins-starch 
complexes under enzymatic digestion conditions 
The release of proanthocyanidins by enzymatic digestion was measured by 
exposing the complex to porcine pancreatic α-amylase. Proanthocyanidins 
solution (200 μL) was pipetted into each reaction vial and mixed with starch 
suspension (600 μL). The mixture was incubated at 37 ºC for 15 min before 
enzyme solution (200 μL) was added to start the starch hydrolysis reaction. 
Three vials were taken out after each time point at 20, 40, 60, 120, 180, 240, 
300 and 360 min. UV-VIS absorption spectra of the supernatant was recorded 
from 200 to 400 nm to quantify the amount of the proanthocyanidins released. 
The absorption of α-amylase in phosphate buffer solution was taken as a 
control. All data were measured in triplicate and expressed in mean ± SD. 
4.3 Results and discussion 
4.3.1 HPLC and LC-ESI-MS
n
 characterization of proanthocyanidins 
We were able to assign the proanthocyanidins according to [M-H]
-
 anion 
mass and the fragmentation pattern of the ESI-MS
n
 (anionic mode) (Figure 







577, 865, 1153, 1441 and 1729 were assigned as dimeric, trimeric, tetrameric, 
pentameric, and hexameric proanthocyanidins of (epi)catechin. Compound at 
peak 1 at m/z [M-H]
-
 of 577 was assigned as (epi)catechin dimer. Its secondary 
mass fragment at m/z 451 arises from heterocyclic ring fission of the 
heterocyclic rings. The secondary mass fragment at m/z 425 arises from 
retro-Diels-Alder fission of the heterocyclic rings. Lastly, m/z 287 fragment is 
formed via quinone-methide cleavage of the interflavanic bond. 
 
Figure 4.1 HPLC chromatogram of proanthocyanidins in A.fructus. The 




Table 4.1 Observed masses of proanthocyanidins by ESI-MS (anionic mode) 
Peak 
No. 






 fragmentation ions 
1 B-type Dimer, (epi)C2 577 451,425,287 
2 B-type Trimer, (epi)C3 865 713,578,287 
3 B-type Tetramer, (epi)C4 1153 1027,865,739,575,449 
4 B-type Pentamer, (epi)C5 1441 1315,1153,1027,865,575 
5 B-type Hexamer, (epi)C6 1729 1603,1577,1441,1153,1027, 
863,739,575 
a
(epi)C is the abbreviation for (epi)catechin. The number in subscript indicates the 
















4.3.2 Thiolysis of proanthocyanidins for HPLC and LC-ESI-MS analysis 
To characterize the chemical identities and ratios of monomeric units, 
thiolysis reaction was conducted. HPLC profile of thiolysis end products were 
given in Figure 4.2. The peaks were identified according to retention time of 
the standard compounds and LC-MS results. The major products observed 
were the 4β-(carboxymethyl)sulphanyl-(-)-epicatechin methyl ester, followed 
by 4β-(carboxymethyl)sulphanyl-(-)-catechin methyl ester, thus demonstrating 
that the extension units of proanthocyanidins in A.fructus consist of 
epicatechin and catechin with a rough ratio of ~ 3:2. No gallocatechin or 
gallated catechins were detected. For the terminal units, epicatehin and catehin 
were both observed from the thiolysis mixtures with a ratio of ~ 4:1. By 
comparing the peak areas of the individual curve obtained from the HPLC, the 
mean degree of polymerization of proanthocyanidins was calculated to be 12.5 
according to Equation 2.2. The high degree of polymerization would favor 
interaction with starch molecule because of the larger number of hydrogen 





Figure 4.2 HPLC chromatogram of thiolytic products of proanthocyanidins 
by mercaptoacetic acid. Catechin, 1; epicatechin, 2; catechin thioether, 3; 
epicatechin thioether, 4. 
 
4.3.3 The effect of pre-incubation with starch on α-amylase inhibitory 
activity by proanthocyanidins 
When the proanthocyanidins were firstly incubated with amylase before 
starch was added, the amylase inhibitory activity was very high at 
proanthocyanidins concentration as low as 2 μg/mL with IC50 of 3.1 μg/mL; 
there was a good dose response relationship between the proanthocyanidins 
concentrations and the amylase inhibitory activity (Figure 4.3A and B). In 
typical food intake, proanthocyanidins present in our diets are more likely to 
be consumed together with food, thus, their interaction with food components 
would occur first before they encounter pancreatic enzymes in small intestine. 
Such interaction may have an impact on the α-amylase inhibitory activity of 
proanthocyanidins. Indeed, mixing of proanthocyanidins with rice starch (15 
min at 37 
o
C) before addition of α-amylase yielded starch hydrolysis kinetic 















concentration as high as 24 μg/mL (Figure 4.3C). This is a sharp contrast to 
the results when the enzyme was firstly mixed with proanthocyanidins. 
Further increase of proanthocyanidins concentration (≥ 32 μg/mL, or the ratio 
of starch to proanthocyanidins at ≥ 187.5:1) resulted in enzyme inhibition with 
dose response manner. We hypothesized that binding of the proanthocyanidins 
by starch occurred, rendering it inactive for enzyme inhibition. To verify this, 
we measured the UV-VIS absorbance of the proanthocyanidins concentrations 
in the absence and presence of starch and the results were plotted in Figure 
4.3D. Without starch, there is a linear response as expected. With starch, the 
absorbance (of the supernatant) was low and flat (< 0.01) until 
proanthocyanidins concentration reached 24 μg/mL. At higher concentrations, 
a linear increase of the absorbance occurred, indicating that the starch binding 
with proanthocyanidins reached saturation and the free proanthocyanidins that 
stayed in solution could inhibit α-amylase. For comparison, interaction activity 
between acarbose and starch was also tested; there was no interaction between 
acarbose and starch as inhibitory activity was the same whether acarbose was 
pre-incubated with starch or with α-amylase. We also found that degree of 
polymerization of proanthocyanidins facilitate the binding with starch because 
epicatechin showed no binding interaction with starch; there was no 
absorbance changes (at 280 nm) upon addition of rice starch to the epicatechin 
solution. The high mean degree of polymerization (12) would further enhance 





complexation of the aromatic rings (e.g. B rings) of proanthocyanidins with 
the cavity of the starch molecules. 
 
Figure 4.3 Effects of the sequence of addition on the α-amylase inhibitory 
activity of proanthocyanidins. A) Kinetic curves of turbidity during rice starch 
hydrolysis in the presence of different concentration of proanthocyanidins 
pre-incubated with α-amylase before starch addition; B) The dose response of 
the concentration of proanthocyanidins and the inhibitory activity; C) Kinetic 
curves of turbidity during rice starch hydrolysis in the presence of different 
concentration of proanthocyanidins pre-incubated with starch; D) Absorbance 
of different concentrations of proanthocyanidins solution in the absence (■) 
and presence (◊) of rice starch, the decreased absorbance in the presence of 
rice starch is due to complexation of the proanthocyanidins with rice starch. 
 
4.3.4 Interaction of proanthocyanidins with amylose 
Rice starch contains mixtures of amylose and amylopectin, which have 
distinct microstructure and morphology, one would expect that they would 





spectroscopy measurement to study the binding of amylose or amylopectin 
with proanthocyanidins, which would be precipitated out with amylose or 
amylopectin if bounded. This would result in reduced proanthocyanidins 
concentration solution. The amount decreased in regard to the amount of 
starch added, would reflect the binding capacity. As shown in Figure 4.4A, 
proanthocyanidins concentration decreased by 39.3% when they were 
incubated with amylose. In contrast, their concentration decreased by only 
11.3% when they were incubated with amylopectin in Figure 4.4B. This 
apparent difference between amylose and amylopectin indicates that amylose 
has stronger affinity towards proanthocyanidins compared with amylopectin. 
To confirm UV-VIS result, we used starch/iodine complexation method as 
measure the binding has been widely used for estimation the amount of starch. 
Amylose/iodine complexes have a blue color with maximum UV absorbance 
at 560-660 nm while amylopectin/iodine complexes give a purple color with 
maximum UV absorbance at 500-520 nm (78, 79).
 
It has been reported that 
complexing agents of starch have the ability to vary the absorption behavior of 
starch/iodine complexes. Since the interaction between proanthocyanidins and 
starch has been verified, we expect that proanthocyanidins would also be able 
to influence the absorption of amylose and/or amylopectin/iodine complexes. 
Proanthocyanidins were found to have no complexing behavior with iodine 
solution (date not shown). As shown in Figure 4.4C and 4.4D, the absorbance 





proanthocyanidins compared with that of amylopectin/iodine complex. The 
different degrees of absorbance decreased indicated that more 
proanthocyanidins bound to amylose than amylopectin to suppress 
amylose/iodine complex formation. Besides, proanthocyanidins triggered a 
blue shift of the absorption maximum of amylose/iodine from 610 nm to 570 
nm (Figure 4.4C) while for amylopectin/iodine complex, no such blue 
shifting of the absorption maximum was observed (Figure 4.4D). The results 
could imply that amylose had relatively stronger interaction activity with 
proanthocyanidins compared with amylopectin. The blue shift of the 
absorption maximum might originate from the decrease in length of helical 









































































































Figure 4.4 A) Absorption spectra of proanthocyanidins before and after 
incubation with amylose suspension; B) Absorption spectra of 
proanthocyanidins before and after incubation with amylopectin suspension; C) 
Effects of proanthocyanidins on the formation of amylose/iodine complexes; 
D) Effects of proanthocyanidins on the formation of amylopectin/iodine 
complexes.   
 
4.3.5 Influence of proanthocyanidins on gelatinization behavior of 
amylose 
Thermographs obtained with amylose and amylose-proanthocyanidins 
complexes were given in Figure 4.5. The thermographs with amylose and 
amylose-proanthocyanidins complexes showed endothermic gelatinization 
peaks at 92.6 °C and 95.6 °C, respectively. A delay of the gelatinization 
temperature of the amylose sample was found upon addition of 
proanthocyanidins. The water to starch ratio is a critical factor affecting 
A B 















gelatinization of starch. Gelatinization temperature could be increased with 
decreased amount of water (82). Therefore, the increased gelatinization 
temperature of amylose by proanthocyanidins might be due to the less 










Figure 4.5 DSC thermographs obtained for a) amylose; 
b) amylose-proanthocyanidins complexes. 
 
4.3.6 Release of bound proanthocyanidins from starch upon enzymatic 
digestion 
Although the binding of the proanthocyanidins by starch would compromise 
its amylase inhibitory activity, we envisioned that, with enzymatic hydrolysis 
of the starch, the bound proanthocyanidins would be released and active in 
enzyme inhibition. The enzymatic digestion kinetics of the starch was 
monitored by DNSA assay and the results were shown in Figure 4.6A. Within 
the first 60 min, the reaction rates were the same among all the samples 







that liberated the reducing sugars stopped at different time points (120, 100, 
and 60 min), inversely proportional to the concentration of proanthocyanidins 
at 16, 24 and 32 μg/mL, respectively. This result indicated that 
proanthocyanidins were released as the starch digestion progressed and 
subsequently inhibited the enzyme. To confirm this, UV-VIS absorption 
spectra of the supernatants were monitored over reaction time and the results 
were shown in Figure 4.6B. The released proanthocyanidins would inhibit 
α-amylase and thus terminate the hydrolysis reaction. Based on the absorbance 
change, it was found that 13.2% of the original proanthocyanidins were 






































Figure 4.6 A) Amount of reducing sugars (mg of maltose equivalent/mg of 
rice starch) liberated during enzymatic digestion process in the presence of 
proanthocyanidins at different concentrations: 0, 16, 24 and 32 μg/mL; B) 
Proanthocyanidins released over time as shown by changes in net A280, 
proanthocyanidins at 24 μg/mL was initially mixed with starch before 
α-amylase was added to digest the starch (shown in the same plot for 
comparison). 
 
Slowing down the enzymatic hydrolysis rates of starch is an effective way 
in maintaining healthy blood glucose concentration. Pharmaceutically, potent 
α-glucosidase inhibitors, such as acarbose, miglitol, and voglibose, have been 
marketed as anti-diabetic medicine for many years, but their side effects made 
them less desirable for patients (83). Many naturally occurring phenolic 





inhibitors (84). Moreover, proanthocyanidins are abundant in plant kingdom 
and would be ideal ingredient for developing foods with low glycemic index. 
However, the drawbacks of proanthocyanidins are their difficulty in being 
absorbed into blood stream and their non-specific inhibitory effect on wide 
range of enzymes (85). Complexation with rice starch, as shown herein, could 
in principle reduce the undesired binding of proanthocyanidins with proteins 
in food matrix or proteases in the digestive tract and “preserve” the 
proanthocyanidins for targeting α-amylase in the small intestine. In addition, 
the impact of adding proanthocyanidins as active ingredients to starchy foods 
(such as rice noodle) on the physical properties (e.g. texture) of the foods will 
need to be researched.  
4.4 Conclusion 
The proanthocyanidins isolated from Amomi fructus could bind with the 
rice starch and be released upon starch digestion and retard further digestion of 
the starch. In addition, amylose played the major role in complexation with 
proanthocyanidins. Given the fact that proanthocyanidins typically have 
astringent taste, binding with starch may be able to mask their unpleasant taste 
and still exert their anti-nutrient activity in the GI tract. Further research is 
thus warranted in evaluation of A. fructus proanthocyanidins as active 



























Development of a High-Performance Liquid 
Chromatography Method for Separation and  
Quantitation of Gallotannins with Starch 







5.1 Introduction  
Tannins are secondary metabolites of plants and are widely found in cereal 
grains, legume seeds, fruits, wine and herbal teas (86). They can be 
categorized as hydrolyzable tannins and condensed tannins or complex tannins 
according to their structures (87). Tannins are often considered to be 
nutritionally undesirable due to their complexation with food matrix 
biomolecules (e.g. proteins and starch) and inhibition of absorption of certain 
nutrients such as metal ions. On a positive note, tannins have been shown to 
possess anticarcinogenic, antimutagenic and antimicrobial activities (88). 
Therefore, separation and characterization of tannins from diverse natural 
plants is important to evaluate their impact on their nutrition and health. 
However, the tannins often occur as complex mixtures because of structural 
variations and degree of oligomerization, which make their separation and 
characterization difficult.  
Gallotannins belong to hydrolyzable tannins and contain a central core of 
carbohydrate (e.g. glucose). The multiple hydroxyl groups of the carbohydrate 
can be esterified partially or wholly by gallic acid to give rise to a series of 
compounds (88). The multiple phenolic groups of the gallate moiety render 
gallotannins as excellent metal chelators (89), protein precipitation agents (90, 
91), and reactive oxygen species quenchers (92). Recent years, the study in 
gallotannins has increased substantially due to their potential health benefits 





Separation and characterization of condensed tannins were achieved by thin 
gel-permeation chromatography (95), counter-current chromatography (96), 
normal phase HPLC (97, 98) and reverse phase HPLC (99). Among these 
methods, HPLC method using diol column developed by Kelm et al for 
separation of cocoa proanthocyanidins according to their degree of 
polymerization gave very good separation up to decamers (25, 100). The diol 
column was operated in normal phase mode with a binary gradient of acidic 
acetonitrile (2% acetic acid) and acidic aqueous methanol (methanol: water: 
acetic acid, 95:3:2). This method was also successfully applied to analyze 
proanthocyanidins in Manilkara zapota (60). In the process of finding a good 
characterization method for chemical constituents in Paeonia lactiflora, we 
applied the diol column and it could give good separations on gallotannins 
with baseline resolution of the compounds according to the degree of gallation. 
Based on this finding, we developed and validated a chromatographic method 
for separation and quantitation of gallotannins. This is the first report on the 
optimization and full validation of a chromatographic method for 
identification and quantitative analysis of gallotannins in natural plants. 
α-Amylase and α-glucosidase are two key enzymes involved in the starch 
digestion process. Inhibition of these two enzymes might retard the digestion 
of starch and reduce the postprandial elevations of blood glucose levels. 
Gallotannins are potent α-glucosidase inhibitors (101). However, the 





inhibitory activity is not very clear. In this study, tetra-, penta-, hexa- and 
heptagalloylglucose were separated from Paeonia lactiflora and their porcine 
pancreatic α-amylase and rat intestinal α-glucosidase inhibition activities will 
be compared and investigated in this study. 
5.2 Materials and methods 
5.2.1 Reagents and instruments 
α-Amylase (from porcine pancreas), α-glucosidase in the form of rat 
intestine acetone powder, corn starch, acarbose, penta-O-galloyl-β-D-glucose, 
sodium phosphate dibasic dihydrate and sodium phosphate monobasic 
monohydrate were obtained from Sigma-Aldrich Chemical Co. (St Louis, 
MO). Gallic acid was purchased from Acros Organics (Singapore). The edible 
herbal materials, including the root of Paeonia suffruticosa, Paeonia lactiflora, 
Paeonia veitchii, Rhodiola rosea, Rhus chinensis and the kernel of Mangifera 
indica were purchased from local medical hall in Singapore. 
The instruments of HPLC and LC-MS
n
 used were the same with the ones 
described in Section 2.2.1. 
5.2.2 Sample preparation 
Plant materials (1.0 g) were ground and extracted with aqueous acetone 
(80%, 10 mL) with shaking at room temperature for 6 h. The solids were 
removed by centrifugation at 4000g for 5 min. The liquid extracts were then 
filtered through 0.45 µm PTFE syringe filters prior to injection into HPLC. 





The column used was a 250 mm × 4.6 mm i.d., 5 µm, Develosil diol with a 
4 mm × 4 mm guard column of the same materials (Seto, Japan). The elution 
conditions were as follows: flow rate, 1.0 mL/min; column temperature, 35 °C; 
mobile phase A, 2% acetic acid in acetonitrile; mobile phase B, acetic aqueous 
methanol (CH3OH: H2O: HOAc, 95:3:2, v/v/v). The gradient was as follows: 
0-3 min, 7% B isocratic; 3-50 min, 7-32.3% B; 50-53 min, 32.3-7% B, 
followed by a 5 min equilibration time. Photodioarray detector was applied 
with UV-VIS absorbance ranging from 200-600 nm, 270 nm as detection 
wavelength.  
5.2.4 Validation of the HPLC method 
Penta-O-galloyl-β-D-glucose was selected as a reference standard for this 
purpose. It was dissolved in ethanol and diluted to appropriate concentrations. 
To examine the linearity of this experiment, calibration curve for 
penta-O-galloyl-β-D-glucose at concentrations ranging from 0.006 to 1.2 
mg/mL was established. Peak areas from HPLC chromatograms were plotted 
against the concentrations of standard. Equations generated via linear 
regression were used to calculate sample concentrations. The accuracy of the 
analytical procedure was evaluated using the spike and recovery test. This 
involved the addition of known quantities of reference standard 
penta-O-galloyl-β-D-glucose to Paeonia lactiflora. The spiked samples were 
then extracted and analyzed by the HPLC method. The percentage of recovery 





The relative standard deviation of a series of measurements was used to 
validate the precision of the assay. For inter-day validation, four 
concentrations were evaluated on five different days. For intra-day validation, 
four concentrations were evaluated on the same run. Limit of detection (LOD) 
and limit of quantitation (LOQ) were determined according to the Equation 
5.2 and Equation 5.3: 
 
 
in which, Sy/x represents the standard deviation associated with the calibration 
curve and m represents the corresponding slope.  
5.2.5 Isolation of gallotannins from Paeonia lactiflora  
Paeonia lactiflora (500 g) was extracted three times with aqueous acetone 
(3 × 2 L) at room temperature for 6 h. The solid was removed by filtration and 
the combined extracts were concentrated in rotary evaporator with reduced 
pressure at 40 °C. The aqueous solution was extracted three times with ethyl 
acetate (3 × 500 mL). The ethyl acetate layer was washed with water saturated 
with sodium chloride, dried by anhydrous sodium sulfate and evaporated to 
give the tannin fraction (5.5 g, 1.1%). The tannin fraction (1 g) was dissolved 
in ethanol, and applied to Sephadex LH-20 column (4.0 i.d. x 25 cm). The 
fractionation method achieved by ethanol-water-acetone mixture as the solvent 






















5.2.6 Starch hydrolase inhibitory activity 
The inhibition activities of tetra-, penta-, hexa- and heptagalloylglucose on 
α-amylase and α-glucosidase were determined according to procedures 
described in Section 2.2.6. Acarbose was prepared in sodium phosphate buffer 
(0.1 M, pH 6.9). Gallotannins samples were first dissolved in ethanol and then 
diluted by sodium phosphate buffer to appropriate concentrations.  
5.3 Results and discussion 
5.3.1 Separation of gallotannins by diol HPLC column 
A HPLC method for separating gallotannins according to degree of gallation 
was developed using the diol stationary phase column. The methodology 
consists of a binary gradient of aqueous acidic methanol and acetonitrile. The 
use of a binary mobile phase rather than a tertiary or quaternary gradient 
makes the current method simpler. The diol stationary phase column improved 
separation and resolution of gallotannins with narrow peak width compared 
with normal phase HPLC using silica column (22). The method is quite 
general as illustrated in Figure 5.1 showing the HPLC chromatographs of 
gallotannins in six herbal materials, which have been reported to contain the 
gallotannins (103-108). Compounds eluted according to the molecular weights 
were identified by LC-ESI-MS. Up to dodecagalloylglucose could be observed 
in Rhus chinensis, by this method. Pentagalloylglucose was the major 
compound observed in Paeonia suffruticosa, Mangifera indica, Rhodiola 





nonagalloylglucose could be observed in Rhus chinensis and Paeonia 
lactiflora. 
Figure 5.1 HPLC chromatograms of gallotannins in Paeonia suffruticosa, A; 
Mangifera indica, B; Rhus chinensis, C; Rhodiola rosea, D; Paeonia veitchii, 
E; Paeonia lactiflora, F. The identities of compounds were verified by 
LC-ESI-MS. Peak identities: G2, digalloylglucose, m/z [M-H]
-
 483; G3, 
trigalloylglucose, m/z [M-H]
-
 635; G4, tetragalloylglucose, m/z [M-H]
-
 787; G5, 
pentagalloylglucose, m/z [M-H]
-
 939; G6, hexagalloylglucose, m/z [M-H]
-
 
1091; G7, heptagalloylglucose, m/z [M-H]
-
 1243; G8, octagalloylglucose, m/z 
[M-H]
-
 1395; G9, nonagalloylglucose, m/z [M-H]
-
 1547; G10, 
decagalloylglucose, m/z [M-H]
-
 1699; G11, undecagalloylglucose, m/z [M-H]
-
 



































































y = 4.6066x - 0.0098 























5.3.2 Method validation for quantitation of gallotannins  
Criteria addressed for validation were linearity, accuracy, precision, LOD, 
and LOQ by using penta-O-galloyl-β-D-glucose as standard compound. The 
linearity of the calibration curve of pentagalloylglucose was well correlated 
with six concentration points within the range of 0.006-1.2 mg/mL (Figure 
5.2). The calibration employed was a linear regression with correlation 
coefficients of 0.999. The accuracy of the analytical procedure was evaluated 
using the recovery test. The method is accurate as shown by the percentage 
recovery values falling in the range of 90%-110% (Table 5.1). The precision 
was tested by performing intra- and inter-day multiple injections of standard 
penta-O-galloyl-β-D-glucose solutions. The relative standard deviation (RSD%) 
values for intra- and inter-day assays fall within the narrow range of 
0.275-1.18% for intra-day and 0.483-1.817% for inter-day (Table 5.2), 
indicating that this method has high precision of the analysis. The LOD and 













Table 5.1. Recovery test for the determination of pentagalloylglucose in 
 Paeonia lactiflora 
Spiked amount 
(mg/mL) 
Determined amount (mg/mL) Recovery 
(%, mean ± RSD,  
n = 3) 
Run 1 Run 2 Run 3 
0.08 0.091 0.086 0.088 110.5±2.8 
0.16 0.151 0.148 0.154 94.4±2.0 




Table 5.2 Precision of intra-day and inter-day measurements 
Concentration 
(mg/mL) 
Intra-day precision (n = 5)  Inter-day validation (n = 5) 
Mean Content 
(mg/mL) 
RSD (%)  Mean Content 
(mg/mL) 
RSD (%) 
0.05 0.049 1.180  0.048 1.817 
0.1 0.098 0.946  0.096 0.846 
0.5 0.496 0.275  0.492 0.707 
1 1.009 0.744  1.003 0.483 
 
5.3.3 Quantitation of gallotannins 
Due to the lack of standards for the different gallotannins, estimation of 
gallotannins concentrations from di- to dodecagalloylglucose in each sample 
was accomplished using galloyl moiety as the calibrant because each galloyl 
moiety has comparable UV absorbance coefficiency. The sum of the quantities 
determined for each fraction was expressed as the mg gallic acid equivalent 
per gram sample (GAE/g) and listed in Table 5.3. Among the herbs analyzed, 
Rhus chinensis had highest content of gallotannins at 45.0 mg GAE/g 
compared to the others. It also has the highest number of gallotannins with 
number of galloyl units from 4 to 12. It is also remarkable that the samples 
have their unique profile and concentration of the gallotannins. This feature 





Table 5.3 Gallotannins contents of botanical samples (expressed as mg 
GAE/g)  
Sample  G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 Total 
Paeonia 
suffruticosa 
- 0.20 1.61 5.26 1.31 0.76 0.27 - - - - 9.41 
Mangifera 
indica 
0.47 1.06 4.57 16.47 5.84 2.59 0.77 0.23 - - - 32.0 
Rhus  
chinensis 
- - 5.34 32.53 70.71 106.6 107.1 75.65 36.91 11.82 2.92 449.6 
Rhodiola  
rosea 
0.15 0.51 1.84 3.06 0.60 0.40 - - - - - 6.56 
Paeonia  
veitchii 
- 0.47 0.34 1.68 0.68 0.44 0.21 - - - - 3.82 
Paeonia  
lactiflora 
- - 0.10 1.10 1.32 1.14 0.70 0.28 0.07 - - 4.72 
GAE, gallic acid equivalent; G2, G3, G4, G5, G6, G7, G8, G9, G10, G11 and G12 indicate 
di-, tri-, tetra-, penta-, hexa-, hepta-, octa-, nona-, deca-, undeca- and 
dodecagalloylglucose.  
 
HPLC is a useful technique for analytical separation of gallotannins. 
Normal phase HPLC with silica as the stationary phase could separate 
gallotannins with retention times increasing with their molecular weights (22, 
109). This method utilized an isocratic mobile phase containing many solvent 
combinations (n-hexane, methanol, tetrahydrofuran, and formic acid). 
However, no method validation data were reported. Tanaka et al compared 
chromatograms of gallotannins fractions from the leaves of Mangifera indica 
obtained from normal phase and reverse phase HPLC, and indicated that the 
normal phase HPLC gave much simpler chromatogram than reverse phase 
HPLC (22). Although normal phase HPLC with silica as the stationary phase 
could be applied to separate gallotannins, there are still several limitations for 





and baseline resolution could not be achieved, which could render difficulties 
in further quantitation of individual compounds. In addition, the use of tertiary 
mobile phase rather than a binary mobile phase makes this method 
complicated. Finally, this method has not been validated and thus cannot be 
applied to a quantitative analysis of gallotannins in the plant materials. Our 
method described herein provides a superior way to analyze gallotannins and 
can be potentially applied in authentication of the botanical materials 
containing gallotannins because the profiles of the gallotannins in different 
plants are significantly different. 
5.3.4 Preparative scale separation of gallotannins and their starch 
hydrolase inhibitory activity  
Pentagalloylglucose is the common and immediate precursor of gallotannins. 
Addition of further galloyl residues to pentagalloylglucose yields gallotannins, 
such as hexa-, hepta- and octagalloylglucose. Currently, only a limited number 
of studies focus on the structure and their biological activity relationship of 
gallotannins. Higher degree of esterification of glucose has higher biological 




-ATPase (110), inhibition of HIV integrase (10), 
and inhibition of HCV NS3 protease (111). It has also been reported that 
pentagalloylglucose has α-glucosidase inhibitory activity as measured using 
glucose oxidase method (101, 112). In addition, inhibitory activity of mono-, 
di-, tri- and pentagalloylglucose increased on rat intestinal α-glucosidase with 
increasing number of gallation (101). However, little is known about the 





heptagalloylglucose) on this inhibitory activity and no study was found in 
measuring their inhibitory activity against α-amylase.  
Using Sephadex LH-20 column, we isolated tetra-, penta-, hexa- and 
heptagalloylglucose from Paeonia lactiflora. Their purity was confirmed by 
ESI-MS, HPLC and LC-ESI-MS (Figure 5.3 and Figure 5.4). The inhibitory 
effects of gallotannins on porcine pancreatic α-amylase and rat intestine 
α-glucosidase were quantified and compared with acarbose as a reference 
standard by turbidity measurement. The IC50 values of gallotannins on 
α-amylase and α-glucosidase were listed in Table 5.4. For better comparison, 
the IC50 values were also converted into acarbose equivalent (AE). It is 
apparent that all gallotannins show strong and comparable inhibitory activity 
on α-amylase and α-glucosidase. Furthermore, the IC50 value of tested 
gallotannins was in the order of tetragalloylglucose > pentagalloylglucose > 
hexagalloylglucose > heptagalloylglucose for both α-amylase and 
α-glucosidase. Our results demonstrated the increasing number of galloyl units 
in the molecule might lead to an increase in the inhibitory activity. The 
number of phenol groups on the galloyl moiety thus seems to dictate the 
inhibitory activity. Further kinetic study is needed to elucidate the inhibition 


















Figure 5.3 HPLC chromatograms for tetra-, penta-, hexa- and 
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Figure 5.4 ESI-MS spectra for tetra-, penta-, hexa- and heptagalloylglucose  
separated from Sephadex LH-20 column.  
 
 
Table 5.4 IC50 and acarbose equivalence of inhibitors obtained by starch 
hydrolases 
 α-amylase  α-glucosidase 
Inhibitors IC50 (µg/mL) AE (µmol AE/g) IC50 (µg/mL) AE (µmol AE/g) 
G4 98.6 ± 2.8 58.8  128.8±0.6 20.2 
G5 79.6±7.1 72.9  47±0.8 55.3 
G6 21.4±2.2 271.0  7.8±0.2 333.3 
G7 18.8±0.6 308.5  3.6±1 722.2 




In conclusion, this study demonstrated a novel use of the diol phase HPLC 






















different degree of gallation. The stationary phase of diol column is rich in 
hydroxyl groups that favour hydrogen bonding interaction with phenolic 
compounds. Therefore, it is a good column for separation of polyphenolics 
including condensed tannins and hydrolyzable tannins. The validated method 
for hydrolyzable tannin features good separation and baseline resolution of 
complex gallotannin mixtures in botanical samples. This is advantageous with 
respect to quantitation. The method may also find application in authentication 
of botanical materials that are rich in hydrolzable tannins but with very 























High Throughput Assay Guided Isolation of  
Dracoflavan B as a Potent and Highly  









Type II diabetes is one of the most serious chronic diseases associated with 
alarming increased rate due to aging population and unhealthy diets and 
lifestyles (113). For diabetic patients, controlling postprandial hyperglycemia 
is the main therapeutic target. One way to do so is to reduce starch digestion 
rates by consuming low GI foods and intake of starch hydrolase inhibitors. 
Pancreatic α-amylase is a key enzyme in the digestive system in catalyzing the 
initial step in hydrolysis of starch to maltodextrin and oligosaccharides, which 
are degraded to glucose by brush border α-glucosidase in the small intestine. 
Modulation of pancreatic α-amylase activity through the therapeutic use of 
inhibitors would be of considerable medical relevance in prevention of 
postprandial hyperglycemia. Depending on the chemical nature, there are two 
types of α-amylase inhibitors, proteinaceous (114, 115) and nonproteinaceous. 
The former are polypeptides isolated from plant, microbes, and animal and 
normally have high inhibition potency with IC50 in nanomolar concentration 
(cf. μM range for non-proteinaceous ones) (116). However, the application of 
the proteinaceous inhibitors in mitigating postprandial hyperglycemia is 
challenged by their sensitivity to conformational changes upon 
denaturalization and to protease digestion in the gastrointestinal tract. On the 
other hand, nonproteinaceous inhibitors, particularly pseudosugars such as 
acarbose, voglibose and miglitol are stable in the GI tract and have found 





of brush border α-glucosidase and have side effects of flatulence and diarrhea 
(118-120). Mechanistically, pseudosugar based inhibitors bind to the active 
sites of α-amylase and α-glucosidase and thus are competitive or mixed 
inhibitors as revealed by Michealis-Menton kinetics analysis (121, 122). 
Rarely reported are selective α-amylase inhibitors of non-proteinaceous nature. 
We hypothesize that, selective inhibitor of α-amylase instead of α-glucosidase 
may reduce the accumulation of fermentable oligosaccharides, which would 
be a feed stock of gut microflora as it moves down the GI track and leads to 
flatulence. Selective inhibitor for α-amylase is rarely reported. It is thus an 
objective of this work in discovering such inhibitors from botanical sources 
using high throughput screening assay-guided fractionation and isolation of 
active compounds. 
Starch digestion rate by α-amylase are most commonly measured by the 
DNSA assay, which relies on the reduction of one of the nitro groups by 
reducing sugar generated due to starch hydrolysis. The DNSA assay could not 
be conveniently adapted in a high throughput fashion because the assay 
requires high temperature (95 
o
C) and acidic media (13). Therefore, samples of 
the starch hydrolysis reaction need to be taken during the time course of the 
kinetic study and measured separately. In addition, recent research work has 
shown that tea catechins (reducing agent or antioxidants) cause interference in 
the DNSA assay (123). Because plant extracts typically contain polyphenolic 





inhibitory activity of botanical samples. We recently developed a high 
throughput assay on a 96-well microplate by monitoring turbidity changes 
during corn starch hydrolysis and applied the assay in studying starch 
hydrolase inhibitory activity of polyphenolic compounds (40, 60). In the 
process of screening large amount of botanical materials for their potentials as 
starch hydrolase inhibitors, we discovered a new class of highly selective 
α-amylase inhibitor isolated from a resin called dragon’s blood. 
Dragon's blood is a common name used for resins and saps obtained from 
four plant genera; Croton (Euphorbiaceae), Dracaena (Dracaenaceae) mainly 
found in China, Daemonorops (Palmaceae), and Pterocarpus (Fabaceae) (124). 
It has been used as a traditional medicine since ancient times by many cultures 
(125-127). In Southeast Asian countries, the dragon's blood resin is from 
Daemonorops draco. The chemical constituents of dragon blood are very 
complex (128), yet there is little study on the activity in starch hydrolase 
inhibition. Applying the high throughput screening assay as a guide we 
isolated a dracoflavan B as a highly selective and non-competitive inhibitor of 
α-amylase. 
6.2 Materials and methods 
6.2.1 Reagents and instruments  
Dragon's blood resin was purchased from the local medical hall. Porcine 
pancreatic α-amylase, α-amylase from Bacillus subtilis, Aspergillus oryzae, 





3,5-dinitrosalicyclic acid, acarbose and maltose were obtained from 
Sigma-Aldrich Chemical Co. (St Louis, MO). Procyanidin A2 (min 99%) was 





NMR spectra were recorded using Advance 500 MHz Bruker spectrometer in 
CD3OD. Column chromatography was performed on silica gel 60 (Merck 
40-60 nm, 230-400 mesh) and Sephadex LH-20 (GE Healthcare, Uppsala, 
Sweden). The ESI mass spectra were obtained from a Finnigan/MAT LCQ ion 
trap mass spectrometer (San Jose, CA, USA) equipped with an ESI source. 
The heated capillary and voltage were maintained at 250 °C and 4.5 KV, 
respectively. The full-scan mass spectra from m/z 50-2000 were recorded. 
UV-VIS absorption spectra were recorded with a Shimadzu UV-1601 
UV-visible spectrophotometer and they were acquired at room temperature in 
a 1-cm path length 1.5 mL quartz cuvette. 
6.2.2 Preparation of dragon's blood extract  
Prior to extraction, the samples were ground into powder. For the methanol 
extract, dragon's blood (100 g) was added to methanol (3×1L) with shaking at 
room temperature for 6 h. The solids were then removed by filtration. 
6.2.3 Isolation of dracoflavan B with α-amylase inhibitory activity  
The methanol extract from dragon's blood was dried at 40 °C by rotary 
evaporation. The remaining residue was first subject to silica gel 
chromatography (gradient eluent: chloroform-acetone-methanol) to obtain 





activity. Only Fr C exhibited the desirable α-amylase inhibitory activities and 
fraction C was further separated by silica gel chromatography (gradient eluent: 
hexane-chloroform). Twelve fractions were obtained and the active fraction 
(Fr 10) were purified by Sephadex LH-20 column (gradient eluent: 
chloroform-methanol) to obtain dracoflavan B (15mg).  
6.2.4 α-Amylase and α-glucosidase inhibitory activity of dracoflavan B  
The inhibition activities of dracoflavan B on α-amylase and α-glucosidase 
were monitored and quantified based on the turbidity measurement according 
to previous work (40). Acarbose was prepared in sodium phosphate buffer (0.1 
M, pH 6.9). Dracoflavan B was first dissolved in methanol and then diluted by 
sodium phosphate buffer to appropriate concentrations.  
6.2.5 Kinetic analysis  
The mode of inhibition of pancreatic α-amylase by dracoflavan B was 
determined by adopting Michaelis-Menton kinetics and Lineweaver-Burk 
plots. Corn starch, in the concentration range of 0.25-1 mg/mL was used as 
substrate for α-amylase. The concentrations of dracoflavan B used for the 
inhibitory kinetics of α-amylase were 11, 18 and 22 µM. The initial velocity (v) 
was obtained from the concentration of liberated reducing sugar in the reaction 
for 5 min at 37 °C, determined using the DNSA method. DNSA reagent was 
prepared as described by Bernfeld (129). Twenty μL of dracoflavan B solution 
with serial concentrations and 60 μL of starch solution were pipetted into 





was added to each vial. The reaction was quenched at 5 min by addition of 
DNSA reagent (100 μL). Sample vials were further immersed in a boiling 
water bath for 5 min for color development. A control sample with identical 
procedures was also prepared by replacing the dracoflavan B solution with 
phosphate buffer solution. An aliquot of 200 μL from each vial was pipetted 
into 96-well plate. Absorbance at 540 nm was measured by a microplate reader. 
The Michaelis constant Km and maximal velocity Vmax of α-amylase were 
determined from Lineweaver-Burk plots. The inhibition constant Ki of the 
non-competitive inhibitor was calculated using the following equation: 
1/v=Km(1+[I]/Ki)/(Vmax[S])+(1+[I]/Ki)/Vmax. 
6.2.6 Structure of dracoflavan B  
White crystal; HR-ESI-MS m/z 537.1935 [M-H]
-
 (calculated for C33H29O7, 
537.1919); 
1
H NMR (500 MHz, acetone-d6) (8.19, 8.16, 7.8-7.7, 7.61, 7.5-7.3, 
6.39, 6.36, 6.17, 6.16, 5.13, 5.12, 5.10, 5.02, 4.72, 4.67, 4.30, 4.25, 4.22, 4.18, 
3.77, 3.76, 3.54, 3.37, 2.73-2.72, 2.69, 2.67, 2.26, 2.24, 2.09, 2.06-2.04, 1.98, 
1.97 ); 
13
C NMR (125 MHz, acetone-d6) (159.10, 159.00, 157.93, 157.77, 
155.84, 155.77, 153.13, 152.53, 152.40, 152.19, 151.83, 151.57, 143.36, 
142.81, 140.94, 140.85, 129.07, 128.99, 128.86, 128.35, 128.23, 127.88, 
127.18, 126.85, 126.70, 119.02, 111.49, 111.38, 109.41, 109.22, 108.26, 
108.23, 104.69, 104.50, 99.72, 99.63, 99.44, 99.42, 91.79, 91.74, 78.87, 78.11, 
67.98, 67.93, 60.84, 60.42, 55.71, 55.68, 55.36, 20.54, 20.10, 9.04, 8.99 ). 





Preparation of dracoflavan B and protein structures  
The apo (PDB ID: 1DHK) and holo (PDB ID: 1OSE) structures of 
α-amylase were obtained from the Protein Data Bank (PDB). The structures 
were first prepared via the Protein Preparation Wizard in Maestro, where 1) 
proper bond orders were added, 2) hydrogen atoms that were not present in the 
crystal structure were added, 3) and residues that had missing side chains were 
filled in using Prime. All water molecules were also removed since 
dracoflavan B is a hydrophobic molecule and would prefer a hydrophobic 
binding site, which was expected to possess little or no water molecules. The 
protonation states of the residues were assigned using PROPKA at the 
physiological pH of 7.4. The structure was then minimized to a 
root-mean-square deviation (RMSD) value of 0.10 Å. The dracoflavan B 
isomers were also prepared in Maestro. Both the protein and inhibitor structure 
files were exported for docking in AutoDock. 
Docking of dracoflavan B in free enzyme and enzyme-substrate complex of 
α-amylase  
AutoDock 4.2.5 was used to conduct molecular docking studies of 
dracoflavan B in α-amylase. Non-polar hydrogen atoms of the protein were 
deleted and their charges were merged with the carbon atoms. The grid 
volume for the protein was 47 Å by 47 Å by 47 Å. The dracoflavan B isomers 
were given full flexibility during docking while the protein was kept rigid. The 
Lamarkian genetic algorithm (GA) was used to run the docking process with 





total of 2.5 × 10
7
 energy evaluations. The binding conformations were then 
clustered statistically to determine the binding site that was most populated. 
6.3 Results and discussion 
6.3.1 Assay-guided isolation of dracoflavan B  
During our search for novel inhibitors from a few hundreds of commercially 
available botanical materials for traditional medicine use, we found that the 
crude extract of dragon's blood belonging to Daemonorops draco exhibited 
significant pancreatic inhibitory activity. This prompted us to identify the 
active compounds by high throughput assay-guided fractionation and 
identification of the compounds responsible for the activity. First, the dragon's 
blood (100 g) was extracted with methanol for a few hours at room 
temperature. The resulting methanol extract (3 g) was fractionated by silica 
column using chloroform-acetone-methanol as eluents to obtain nine fractions 
(Fr A-I). Each fraction was measured for its inhibitory activity and only 
fraction C showed significant activity (400 mg, with IC50 of 116 µg/mL). 
Therefore, this fraction was further subject to silica column separation 
(hexane-chloroform) to give twelve fractions which was again assessed for 
their inhibitory activity. Fraction 10 was found to have the most active 
components with IC50 of 75.2 µg/mL. Finally, the fraction 10 was fractionated 
on a Sephadex LH-20 column to give dracoflavan B, which possessed potent 
inhibitory activity with IC50 of 22.3 µM. Structural determination of the 





was made by HR-ESI-MS, 
1
H NMR and 
13
C NMR, which matches nicely with 








Figure 6.1 Chemical structures of dracoflavan B 
 
6.3.2 Selectivity of dracoflavan B on starch hydrolase inhibition  
Figure 6.2a showed time courses of starch digestion in the presence and 
absence of dracoflavan B by α-amylase. The area under the kinetic curve is 
used to illustrate dose response and calculation of IC50 (22.3 µM), which is 
comparable to acarbose with IC50 value of 15.5 µM measured in the same 
assay. Remarkably, Figure 6.2b showed that dracoflavan B had no inhibitory 
activity on α-glucosidase even at concentration as high as 0.2 mg/mL. In sharp 
contrast, acarbose is a potent inhibitor of α-glucosidase with IC50 of 7.9 µM 
measured under the same conditions. In addition, we also measured the 
inhibitory activity of dracoflavan B on bacteria (Bacillus subtilis) and fungal 
(Aspergillus oryzae) α-amylase (Figure 6.2c and 6.2d). Dracoflavan B 























y = -33273x2 + 2922.6x + 0.9157 
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y = -80126x2 + 5413.9x - 4.0205 


















41.3 μM. In sharp contrast, dracoflavan B was observed to be inactive against 











Figure 6.2 Turbidity change at different concentrations of dracoflavan B that 
reflects dracoflavan B's inhibitory effect on starch hydrolysis by a) porcine 
pancreatic α-amylase; b) α-glucosidase; c) bacteria α-amylase; and d) fungal 
α-amylase 
 
6.3.3 Inhibition kinetics and mechanism  
A kinetic study of the inhibitory effect of dracoflavan B on pancreatic 
α-amylase was analyzed using Lineweaver-Burk plots. Dracoflavan B showed 








constant (Ki) value was determined to be 11.7 µM calculated using the 
following equation: 1/v=Km(1+[I]/Ki)/(Vmax[S])+(1+[I]/Ki)/Vmax. The structure 
of hydrophobic dracoflavan B does not bear any similarity to that of the 
hydrophilic starch molecule and thus it is not surprising that dracoflavan B 





Figure 6.3 Lineweaver-Burk plots of the inhibition kinetics of  
porcine pancreatic α-amylase by dracoflavan B. Inhibitor  
concentrations [I] are indicated 
 
6.3.4 Molecular docking studies of dracoflavan B  
To further understand the binding site of α-amylase for dracoflavan B and 
explain the dependency of the inhibitory activity on the stereochemistry, we 
carried out molecular docking study using AutoDock to locate the allosteric 


































From the IC50 values, it is determined that isomer A has a better inhibitory 
activity on α-amylase than isomer B. The docking results show that isomer A 
has a stronger binding affinity than isomer B by comparing the binding 
energies, regardless of whether the binding is to the free enzyme or the 
enzyme-substrate complex (Table 6.1). Both isomers bind with the free 
enzyme and the enzyme-substrate complex with similar affinity (with 
difference less than 0.5-0.6 kcal/mol). This observation is in agreement with 
the experimental results, which show that dracoflavan B inhibits α-amylase in 
a pure non-competitive manner.  
 
Table 6.1 Summary of docking results for dracoflavan B and procyanidin A2 
 
Compound 













Allosteric Site 1 -8.24 Allosteric Site 2 -7.69 
Dracoflavan B 
(isomer B) 
Allosteric Site 1 -6.46 SBS in domain A -7.14 
Procyanidin A2 SBS in domain C -7.12 Allosteric Site 3 -6.08 
Procyanidin A2 
isomer 
SBS in domain C -7.29 SBS in domain C -6.86 
 
Binding sites of dracoflavan B in free enzyme 
As seen in Figure 6.4, isomer A has a more favorable binding energy than 
isomer B, which matches the observation that isomer A inhibits α-amylase 
better than isomer B. The favored binding energy of isomer A is attributed to 
the observation that it forms more hydrogen bonds than isomer B. On the other 





that the isomers bind to are more prominent in the free enzyme than in the 
enzyme-substrate complex as shown by their SiteScores (Figure 6.5). This 
indicates that the allosteric sites that are available on the free enzyme were 





































Figure 6.4 Docking results of dracoflavan B,  






















Figure 6.5 Allosteric site for isomer A in the enzyme-substrate 
complex (Right). The same site in the free enzyme (Left).  
White balls are illustrated to define the cavity depth. 
 
Binding sites of dracoflavan B in enzyme-substrate complex 
Isomer A has a more favorable binding energy than isomer B. Isomer A 
forms more hydrogen bonds than B in the enzyme-substrate complex as well. 
The Sitemap analysis also shows that the allosteric sites that the isomers bind 
to are more prominent in the enzyme-substrate complex than in the free 
enzyme as shown by their SiteScores (Figures 6.7 and 6.8). This indicates that 
the allosteric sites in the enzyme-substrate complex are only available after the 
substrate binds to the protein and induces a conformational change that opens 
up the binding site to the inhibitor. The binding site for isomer B in the 
enzyme-substrate complex corresponds to the secondary binding site (SBS) in 
domain A. Therefore, it may be possible that dracoflavan B interacts with 





Our docking study indicates that the allosteric binding sites are different in 
the free enzyme and enzyme-substrate complex. This is remarkable as 
conventional wisdom suggested that the binding sites for non-competitive 
inhibitor with E or ES are the same. Further experimental determination of the 



























Figure 6.6 Docking results of dracoflavan B, a) isomer A and 









Figure 6.7 Allosteric site for isomer A in the enzyme-substrate complex 
(Right).The same site in the free enzyme (Left). White balls are illustrated to 






Figure 6.8 Allosteric site for isomer B in the enzyme-substrate complex 
(Right). The same site in the free enzyme (Left). The site appeared  
to be collapsed in the free enzyme 
 
The docking studies demonstrated that dracoflavan B inhibits α-amylase in 
a non-competitive manner. In addition, since the binding affinities for both the 
free enzyme and the enzyme-substrate complex are similar, this is a pure 
non-competitive inhibition. On the other hand, dracoflavan B exists as a pair 
of diastereomers, namely isomers A & B. Regardless of whether it is the free 





inhibitory activity than isomer B as observed from the binding energies found 
in the docking studies. 
6.3.5 Inhibitory activity and molecular docking studies of procyanidin A2 
on α-amylase  
In order to further understand the origin of the inhibitory activity of 
dracoflavan B on porcine pancreatic α-amylase, procyanidin A2 was 
investigated as well in the current study due to the structural similarity 
between the dracoflavan B and procyanidin A2. To our surprise, procyanidin 
A2 had no inhibitory activity at all towards α-amylase. The major structural 
characteristic of procyanidin A2 is the presence of intensive hydroxyl groups 
while for dracoflavan B only two free hydroxyl groups were present on each 
isomer. This provoked us to conduct docking studies on procyanidin A2 and 
its isomer to determine if the addition of hydroxyl groups had an effect on the 
binding affinity as well as allosteric site selection. 
As seen from the Table 6.1, dracoflavan B isomers generally bind better to 
α-amylase than procyanidin A2 and its isomer. Although there are more 
hydrogen bonds formed by procyanidin A2 and its isomer, solvent exposure 
was also increased, resulting in a less favorable binding energy as compared to 
dracoflavan B. As seen in Figures 6.9 and 6.10, the procyanidin A2 and its 
isomer form numerous hydrogen bonds with the binding site residues with 
their hydroxyl groups. In the free enzyme, procyanidin A2 and its isomer 
prefers to bind in domain C of α-amylase, which was shown to be a secondary 





dracoflavan B (Figure 6.4), indicating that the hydroxyl groups play a 
significant role in the site selection. In the enzyme-substrate complex, 
procyanidin A2 isomer binds in the same domain as in the free enzyme, while 
procyanidin A2 binds in an allosteric site which is slightly further away from 
the binding site of its isomer (Figures 6.10). This is opposite to the trend of 
the binding sites for dracoflavan B isomers in the enzyme-substrate complex 
(Figure 6.6). Binding of procyanidin A2 apparently does not compromise the 






















Figure 6.9 Docking results of a) procyanidin A2 and  








      
 
 




In summary, using high throughput assay, we successfully identified 
dracoflavan B from dragon's blood as a non-competitive and highly selective 







its binding with α-amylase as revealed by docking study. The importance of 
hydrophobic interaction supported by the fact that more common A-type 
catechin dimer does not show inhibitory activity due to the presence of 
phenolic groups. Dracoflavan B represents a new type of inhibitor for starch 
hydrolysis and warrants further study to realize its potential as bioactive 
compound for controlling postprandial blood glucose concentration in a 
























Part II: Investigation of the Hypochlorite Scavenging 














































7.1 Organosulfur compounds from vegetables 
Dietary phytochemicals play a key role in prevention of various diseases. 
One source of such phytochemicals is organosulfur compounds which have 
been shown to exert diverse biological effects such as antioxidant effects, 
anti-inflammatory properties, inhibition of platelet aggregation, reduction of 
systolic blood pressure and reduction of cholesterol levels. The groups of food 
particularly rich in organosulfurs are members of Allium genus i.e. onion, 
garlic, leeks and chives and Brassica genus i.e. cauliflower, cabbage, brussels 
sprouts and broccoli (Table 7.1).  
 
Table 7.1 Natural sources of organosulfur compounds (131)  
Type of 
compounds 
Compounds Natural sources 
Sulfides Dithiolethiones 
Allyl sulfides 
Broccoli, garlic, onion 
Isothiocyanates Sulphoraphanes  
Phenylethyl 
isothiocyanates 
Cauliflower, cabbage, kale, bok choy,  
brussels sprouts, radish, mustard, 
garden cress 
Glucosinolates Glucobrassinin Mustard, turnip, collard greens, kohlrabi, 
watercress, cauliflower, cabbage, kale,  
bok choy, brussels sprouts, arugula,  
radish, horseradish 
 
7.1.1 Organosulfur compounds from garlic 
Garlic (Allium sativum) is one of the oldest medicinal plants used by 
different cultures. Garlic is commonly used in throat infections, digestive tract 
disorders and fungal infections, such as aphthae. Evidence from several 





mainly attributed to their high organosulfur compounds content. 
  Alliin (S-allylcysteine sulfoxide) is the most important initial sulfur 
compound occurring in the intact garlic bulbs. Other compounds in the whole 
bulbs also include γ-glutamyl-S-allylcysteine (GSAC), S-methylcysteine 
sulfoxide (methiin), S-trans-1-propenylcysteine sulfoxide, S-2-carboxypropyl- 
glutathione and S-allyl-cysteine (SAC) with much smaller amounts (132). 
Allicin 
Crushing, grinding or cutting of garlic induces the release of allinase which 
can transform alliin into allicin very quickly. Allicin, absent in the intact bulbs, 
is the main component of a freshly prepared garlic homogenate. It is poorly 
soluble in water and is responsible for the characteristic pungent flavor of 

























Scheme 7.1 Conversion of alliin to allicin catalyzed by allinase (133) 
 
Oil-soluble organosulfur compounds 
Allicin is a very unstable compound. It is easily transformed into oil-soluble 
polysulfides including diallyl sulfide (DAS), diallyl disulfide (DADS) and 
diallyl trisulfide (DATS). Higher polysulfides, like diallyl penta-, hexa- or 
hepta- sulfides are suggested to be present with much lower concentrations 
(Scheme 7.2).  
  Under certain conditions, allicin can also be transformed into vinyldithiin 
and structures of the Z- or E- ajoene type. Vinyldithiin is formed by 
Diels-Alder dimerization of thioacrolein derived from allicin β-elimination 
and is rich in the oil macerate of raw garlic. Ajoene is generated via allicin 












Scheme 7.2 Formation of oil-soluble organosulfur compounds from allicin 
 
Water soluble organosulfur compounds 
SAC and S-allylmercaptocysteine (SAMC) are water soluble compounds. 
They are formed via the reactions of allicin with -SH group. They can also be 
formed through alcoholic and aqueous extraction when the initial compound 
GSAC is transformed into SAC. This reaction is catalyzed by 
γ-glutamyltranspeptidase (γGT) (Scheme 7.3). These cysteine derivatives are 
colorless crystals and odorless, unlike oily sulfur compounds (134).  
 
 






7.1.2 Organosulfur compounds from cruciferous vegetables 
Cruciferous vegetables, such as broccoli, cabbage and kale are rich in 
glucosinolates compounds. The breakdown products of glucosinolates are 
suggested to be responsible for the chemopreventive properties of cruciferous 
vegetables. When the raw vegetables are damaged or chewed, the plant cells 
are broken and the enzyme thioglucosidase (myrosinase) is released and 
hydrolyses the glucosinolates to yield an aglycone which undergoes 
non-enzymatic rearrangements to produce organic isothiocyanates, 














Scheme 7.4 Hydrolysis products from glucosinolates  
catalyzed by myrosinase (131) 
 
The structures of produced isothiocyanates depend on the variety of 
glucosinolates from different cruciferous vegetables. For example, 
glucoraphanin which is present in the young sprouts of broccoli and 
cauliflower gives rise to sulforaphane while allyl isothiocyanate (AITC) is 





garden cress gives rise to benzyl isothiocyanate (BITC). Watercress is 
particularly rich in gluconasturtiin which yields phenylethyl isothiocyanate 
(PEITC) (137). Chemical structures of the compounds derived from 






Figure 7.1 Chemical structures of compounds derived  
from cruciferous vegetables 
 
7.2 Biological properties of organosulfur compounds 
7.2.1 Antimicrobial activity 
Garlic extracts have been widely applied ever since the historical times in 
various cultures to fight against parasitic, fungal, bacterial and viral infections. 
Their sulfur compounds have been suggested to be the main active 
antimicrobial agents by recent chemical characterizations (138).  
Antiparasitic activity 
DATS is prescribed for the treatment of giardiasis and infections by E. 
histolytica and Trichomonas vaginalis (139). Allicin, ajoene and other 
organosulfur compounds from garlic are also effective antiprotozoals. Onion 
extract exhibited antiparasitic properties towards different strains of 





been reported to be effective against strains including Giardia lamblia and 
Giardia intestinalis (139).  
Antifungal activity 
Garlic and its derivatives have been shown to be effective against a broad 
spectrum of fungi and yeasts, including Candida, Trichophyton, Torulopsis, 
Rhodotorula, Cryptococcus, Aspergillus and Trichosporon (141). The main 
active antifungal agents have been suggested to be related with the breakdown 
products of allicin, including DAS, DADS, DATS and ajoene, which have 
greater antifungal effect than allicin. 
Antibacterial activity 
Garlic has been proven to inhibit the growth of gram-positive, 
gram-negative and acid-fast bacteria. The major active antibacterial 
components are the allicin derived organosulfur compounds, such as DAS, 
DADS and ajoene, as well as other thiosulfinates. They are effective against 
bacteria including the strains of Pseudomonas, Proteus, Escherichia coli, 
Staphylococcus aureus, Klebsiella, Salmonella, Micrococcus, Bacillus subtilis, 
Mycobacterium, and Clostridium (142). In addition, DAS and DADS have 
been demonstrated to protect against Helicobacter pylori infection which is 
associated with gastric neoplasia (143).  
Antiviral activity 
Organosulfur compounds have been shown to be effective against herpes 





cytomegalovirus (145), vesicular stomatitis virus, rhinovirus, human 
immunodeficiency virus (HIV), viral pneumonia and rotavirus. In addition, the 
antiviral activity of garlic is quite dependent on the preparation process and 
products with the highest levels of allicin and other thiosulfinates have the best 
antiviral activities. 
7.2.2 Antioxidant and anti-inflammation activity 
Reactive oxygen species (ROS), or free radicals have been suggested to be 
related with various pathological process such as cancer, ischemia, 
inflammatory diseases, diabetes, and atherosclerosis through oxidation of 
DNA, proteins and lipids. To protect cellular macromolecules against toxic 
free radical and nonradical oxidants, cells have developed antioxidant defense 
systems including antioxidant enzymes, such as superoxide dismutase (SOD), 
catalase, glutathione peroxidase (GPx) and low molecular weight antioxidants 
including glutathione.  
Organosulfur compounds derived from vegetables are generally considered 
as antioxidants. They are capable of protecting the bioavailability of NO or 
scavenging ROS, such as superoxide (O2
•-





 (146, 147). In addition, organosulfur compounds can enhance the 
cellular antioxidant enzyme activities, such as SOD, catalase and GPx by 
increasing glutathione in the cells (148). Furthermore, organosulfur 
compounds inhibit lipid peroxidation and oxidation of low density lipoprotein 







Modification of Phase II














Organosulfur compounds also exert anti-inflammatory effect by inhibiting 
the oxidative stress-induced activation of nuclear factor kappa B (NFB), 
which is implicated in the expression of pro-inflammatory enzymes, such as 
inducible nitric oxide synthase (iNOS) and cyclooxygenase-II (COX-II). 
7.2.3 Anticarcinogenic activity 
Cruciferous plants and members of Allium genus have been suggested to be 
effective in chemoprevention of cancer. The potential chemopreventive 
properties of these vegetables have been attributed to the presence of high 
level of organosulfur compounds in these plants. The protective effects of 
organosulfur compounds against carcinogenesis have been shown in stomach, 
esophagus, mammary glands, breast, skin and lungs of experimental animals. 
The chemoprevention activity of organosulfur compounds may be explained 


















) scavenging activity of organosulfur compounds  
7.3.1 ClO
-
 production and related diseases 









) or hypohalous acids (HOX, X=Cl, Br) are widely 
recognized factors in the oxidative transformation of cellular membranes and 
DNA. Among these strong oxidants, HOCl has potent antibacterial activities 
under normal function of the mammalian immune system. It is produced in 
vivo by the heme-peroxidase enzyme myeloperoxidase (MPO) (150). 
Stimulated neutrophils produce O2
•-
 which is catalyzed by SOD to form H2O2. 





       HOCl + H2O 
  HOCl is a powerful oxidant which reacts readily with many biologically 
important molecules. It is particularly reactive with thiols, ascorbate, and 
amino groups, with which it forms reactive chloramines. HOCl also reacts 
with alkenes and has been shown to convert unsaturated fatty acids to 
chlorohydrins and cholesterol to a mixture of epoxides and 
hydroxyl-derivatives.  
Under normal conditions, HOCl may be controlled by endogenous 
antioxidant system such as SOD, catalase, GPx, and glutathione S-transferase 
(151). However, if HOCl level is excessive or misplaced beyond these systems, 
HOCl react directly with amino acids and proteins as major target, while 






also affected. These processes are related to host tissue damage and to the 
establishment of inflammatory diseases such as arthritis, cystic fibrosis, 
asthma, heart disease, and some types of cancer (152, 153). 
7.3.2 ClO
-
 scavenging activity of organosulfur compounds  
  Considering the cytotoxic nature of ClO
-
, it is critical that scavengers be 
available to control its reactivity. One of the most effective ClO
-
 scavengers 
are the organosulfur compounds, in particular, cysteine (154) and methionine 
(155) derivatives, including the small tripeptide, glutathione and 
macromolecules, such as human serum albumin (HSA) which bears a single 
reduced cysteine group on its surface. In addition, aqueous extracts from raw 
or powdered garlic have been shown to be able to scavenge ClO
-
, which might 
be attributed to their multiple thioallyl compounds which exhibit different 
patterns of radical scavenging activities (156).  
7.4 Aim of this research 
The overall aim of this research is to investigate ClO
-
 scavenging activity of 
dietary organosulfur compounds and to understand the structure and activity 
relationship and reaction mechanisms. Specifically, this project will include 
the following research tasks: 
(1) A convenient assay making use of quantum dots as a nanoprobe will be 
established to investigate the ClO
-
 scavenging activities of organosulfur 
compounds from garlic and cruciferous vegetables.  





six organosulfur compounds by ClO
-
 will be characterized using HPLC, 
LC-MS and ESI-MS.  
(3) The effect of different boiling time on ClO
-
 scavenging activity of garlic 
extract will be examined. The main active compounds for the ClO
-
 scavenging 
























Dietary Organosulfur Compounds from Garlic and 













8.1 Introduction  
Organosulfur compounds represent an important class of bioactive 
phytochemicals with a wide range of purported health benefits. 
Isothiocyanates found in mustard, broccoli and watercress were shown to have 
anticancer activity through diverse action mechanisms (157). Throughout the 
history of civilization, garlic have been widely used to treat a wide variety of 
human ailments (158). Organosulfur compounds in garlic are believed to be 
principle bioactive compounds for its disease prevention effects on 
atherosclerosis (159), stroke (160), cancer (161), arthritis (162), and 
promoting general health including increasing energy levels and blood 
circulation (163). Organosulfur compounds in garlic were shown to work 
through multiple targets in reduction of damaging effects of inflammation 
(164) which is the causative factor of almost all chronic diseases (165). In fact, 
massive investigations on garlic’s active principles have focused on alliin and 
two main γ-glutamylcysteines (166). Thiosulfinates, the single most abundant 
class of organosulfur compounds found in freshly chopped or crushed garlic 
possess many health benefits. Allicin (2-propene-1-sulfinothioic acid 
S-2-propenyl ester) is the most abundant thiosulfinate, typically accounting for 
70% of the total thiosulfinates (167). It is formed by the enzyme of allinase 
when the garlic is chopped or crushed. However, allinase is heat liable. When 






Chronic inflammation activates macrophages that can generate many types 
of reactive oxygen species including superoxide, nitric oxide, peroxynitrite 
(ONOO
-




 reacts rapidly with many 





would in principle protect the biomolecules from oxidative damage of ClO
-
 
and the organosulfur compounds found in garlic and other vegetables may 
possess such activity. There are a wide range of organosulfur compounds 
found in garlic and cruciferous vegetables. Their relative concentrations vary 
depending on the processing methods used. Therefore, understanding their 
structure and reactivity towards ClO
-
 will help define optimal processing 
conditions to maximize the concentrations of active compounds. Reported 
herein is our finding of ClO
-
 scavenging activity of DAS, DADS, PEITC, 
methionine, cysteine and thiourea by taking advantage of a highly selective 
fluorescence assay for ClO
-
 using quantum dots as a nanoprobe (171). In 
addition, we characterized their reaction products using HPLC, LC-MS and 
ESI-MS. 
Nowadays, many vegetables are subject to different technological 
treatments. It has been shown that processing of garlic and other vegetables 
can obviously influence their effectiveness, changing the antioxidant activity 
and the bioactive substances (172-175). The ClO
-
 scavenging capacity of 
garlic extract has been reported by other groups (176, 177). However, the 
impact of boiling on the effectiveness of ClO
-





has not been explored extensively. Also, the main bioactive compounds for 
ClO
-
 scavenging activity in garlic have not been studied. Therefore, in this 
chapter, the ClO
-
 scavenging activity of raw and boiled 10 min, 20 min and 40 
min garlic extracts will be compared. In addition, the main active compounds 
for the ClO
-
 scavenging capacity in the garlic will be identified by HPLC and 
LC-MS.  
8.2 Materials and methods 
8.2.1 Reagents and instruments 
Hydrophilic quantum dots (QDs) by polymer encapsulation 
(QDs-poly-CO2
-
) were synthesized according to an established protocol (171). 
Diallyl sulfide, diallyl disulfide, sodium hypochlorite, DL-cysteine, 
methionine, and thiourea were purchased from Sigma-Aldrich (St Louis, MO). 
Fresh garlic was purchased from the local supermarket. The ESI mass spectra 
were recorded from a Finnigan/MAT LCQ ion trap mass spectrometer (San 
Jose, CA) equipped with an ESI source. The heated capillary and voltage were 
maintained at 250 C and 4.5 KV, respectively. The full-scan mass spectra 
from m/z 50-500 were recorded. LC-MS analysis was conducted using 
Finnigan/MAT LCQ ion trap mass spectrometer equipped with a TSP 4000 
HPLC system, which includes an UV6000LP photodiode array detector, 
P4000 quaternary pump, and AS3000 autosampler. The heated capillary and 
spray voltage were maintained at 250 C and 4.5 KV, respectively. Nitrogen 





gas flow rate. The full scan mass spectra from m/z from 50-500 were acquired 
in both positive and negative ion modes with a scan speed of 1 s/scan. 
Fluorescence spectra were obtained on PerkinElmer LS55 with slit width at 10 
nm for both excitation and emission. The microplate reader from Bio-tek 
Instruments Inc., (Winooski, VT, USA) was used to determine ClO
- 
scavenging capacity.  
8.2.2 Preparation of garlic extracts 
Fresh garlic extracts were prepared by homogenizing peeled garlic cloves 
(1.5 g) in 10 mL of methanol/water (7:3). The samples were then centrifuged 
for 20 min at 4000g. Supernatant was then collected for further analysis. The 
boiled garlic extracts were prepared by boiling the peeled garlic cloves (1.5g) 
for 10, 20, and 40 min at 100 °C, respectively. The extraction method for the 
boiled garlic cloves were the same as the fresh garlic extract.  
8.2.3 ClO
-
 scavenging activity assay 
QDs stock solution was diluted in PBS buffer (10 mM, pH 7.4) to a final 
concentration of 10.7 nM. Commercially available organosulfur compounds 
and garlic extract were dissolved in PBS buffer and diluted to appropriate 
concentrations for analysis. Sodium hypochlorite was freshly prepared before 
use. In a 96-well microplate, 10 μL of scavengers were added to 210 μL of 
QDs solution. After that, 10 μL of the sodium hypochlorite was added to the 
cell and the fluorescence intensities were recorded before and 0.5 min after the 





excitation wavelengths were set at 590 and 460 nm, respectively. The 





)×100  (8.1) 
in which FIsample is QDs’s fluorescence intensity after addition of scavenger 
and sodium hypochlorite; FIQDs is QDs’s original fluorescence intensity; FIClO
-
 
is QDs’s fluorescence intensity after addition of sodium hypochlorite only. For 
a better comparison, results of ClO
-
 scavenging capacity of organosulfur 
compounds were converted into the format of HS
-
 standard equivalents based 
on established HS
-
 standard curve.  
8.2.4 HPLC and LC-MS analysis  
LC-MS system was equipped with a C18 column (250 mm × 3.0 mm i.d., 3 
μm, Waters). The elution conditions were as follows: flow rate, 1.0 mL/min; 
column temperature, 25 °C; wavelength, 208 nm; mobile phase A, DI water 
(0.1% acetic acid); mobile phase B, acetonitrile. The starting mobile phase 
condition is 5% B and held for 5 min. Subsequently, solvent B was ramped to 
30% over 5 min and to 54% over 10 min and to 100% B 5 min thereafter. The 
conditions were held at 100% B for 5 min prior to returning to starting 
conditions (5% B) over 5 min.  
8.3 Results and discussion 
8.3.1 Comparison of the ClO
-
 scavenging activities 
Previously, we have prepared a novel fluorescent nanoprobe for highly 
selective and sensitive detection of ClO
-







) is composed of nanocrystalline CdSe-ZnS particles wrapped 
with amphiphilic anionic surfactants. Taking advantage of this nanoprobe, we 
applied it in studying the ClO
-
 scavenging activity of organosulfur compounds. 
We select hydrogen sulfide (H2S) as our reference standard because it is an 
important gasotransmitter with wide range of bioactivity for human health 
(178). Under the experimental conditions, HS
-
 effectively protect ClO
-
 
oxidation of the nanoprobe in a dose dependent manner with an IC50 value of 
13.0 μM. The six organosulfur compounds were measured in a similar fashion 
and the dose response curves are shown in Figure 8.1 and the IC50 values are 
listed in Table 8.1. Since IC50 of a scavenger was very dependent on the assay 
conditions such as the concentration and quantum yield of the QDs and buffer 
used, meaningful comparison of IC50 values measured under different 
conditions are not possible. We thus proposed HS
-
 equivalent (HSE) value to 
express the ClO
-
 scavenging activity of organosulfur compounds. HSE value 
is defined as the value of IC50 of NaHS divided by the IC50 of organosulfur 
compounds or any other sample and expressed as μmol HSE/μmol. The 
higher HSE value demonstrates the higher scavenging capacity of the samples. 
Our data indicated that thiourea had the highest ClO
-
 scavenging capacity 
(4.44 μmol HSE/μmol) while cysteine and methionine had lower ClO- 
scavenging capacity with HSE value of 3.15 and 2.08 μmol HSE/μmoL. On 
the other hand, PEITC, DADS, and DAS showed much weaker ClO
-
 





high activity of the amino acids in scavenging ClO
-
 is likely due to the amine 
group, which is known to react with ClO
- 





 (30 μM) scavenging capacities of A) methionine (Met), 
cysteine (Cys), thiourea (TU), NaHS; and B) DAS, DADS and PEITC 





































HSE is calculated by IC50 of NaHS divided by IC50 of other scavengers and the units 
are expressed as μmol of HS- equivalence per μmol of sample. bValues are means ± 
SD of three measurements. Means in column without letters in common differ 
significantly (p<0.05) 
 






Equal concentration of sodium hypochlorite was reacted with each sample 
for one hour at room temperature and reaction products were identified by 
HPLC, LC-MS and ESI-MS. HPLC chromatograms of oxidation products of 
DAS and DADS are shown in Figure 8.2. The oxidation product of DAS has 
molecular weight of 130 as revealed by LC-ESI-MS spectrum, thus is assigned 
to be diallyl sulfoxide, DASO. Oxidation product of DADS has molecular 
weight of 162 and is assigned to be monoxide of diallyl disulfide, which is 
allicin, the major organosulfur compound in garlic after it is freshly crashed 
due to the action of alliin by allinase. Similar to these reaction patterns, 
oxidation of methionine by ClO
-
 led to oxygenation of the sulfur atom to form 
methionine sulfide (Equation 8.2). In contrast, the reaction of equal molar 
ClO
- 
with cysteine proceeds via chlorination of the thiol group to yield 
sulfenyl chloride (Equation 8.3). Our results are consistent with previous work 
(180-182). PEITC reacted with ClO
-
 by replacement of the sulfur atom by 
oxygen to give isocyanate as intermediate, which was hydrolyzed to give 
phenylethylamine (Equation 8.4) detected at m/z [M+H]
+ 
121.92 (Figure 
8.3A). In contrast, the reaction of synthetic compound thiourea with ClO
-
 does 
not form urea, instead sulfonic acid was detected at m/z [M-H]
-
 142.99 
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Figure 8.2 HPLC chromatograms of oxidation products of A) DAS (10 mM);  
  and B) DADS (10 mM), by NaClO (10 mM). Peak identities: DASO, 1;  








Figure 8.3 ESI-MS mass spectra of oxidation products of 
A) PEITC (1 mM); and B) TU (1 mM) by NaClO (1 mM) 




















 scavenging activity of garlic extracts 
The ClO
-
 scavenging activity of raw and boiled garlic extract with different 
concentrations is shown in Figure 8.4. It can be seen that the scavenging 
activity increased in a dose-response with the increased concentrations of 
extracts. When the concentration of raw garlic extract reached 75 mg/mL, the 
scavenging activity for ClO
-
 was almost 90%. For a better comparison of the 
impact of boiling and boiling time on this scavenging capacity, IC50 was 
calculated and is shown in Table 8.2. IC50 indicates the concentration of garlic 
extracts when the scavenging capacity reached 50%. Table 8.2 showed that the 
raw garlic extract gave an IC50 value of 7.16 mg/mL. Boiling decreased the 
ClO
-
 scavenging capacity of garlic extracts. Compared with raw garlic extract, 
IC50 value for boiled 10 min and 20 min garlic extracts increased 43 % and 



































104.7 % which indicated the ClO
-










 scavenging activity of raw, boiled 10, 20 and 40 min garlic 





 scavenging activity (IC50) of raw and boiled garlic extract
a
 
Garlic Extract IC50 (mg/mL) 
Raw  7.16±0.22b 
Boiled 10’ 10.24±0.48c 
Boiled 20’ 11.93±0.59c 
Boiled 40’ 17.74±0.73d 
   
a
 Values are means ± SD of three measurements. Means in rows without  
letters in common differ significantly (P < 0.05) 
 
8.3.4 Identification of ClO
-
 scavengers in garlic using HPLC and LC-MS 
HPLC profiles of raw and boiled 20 min garlic extract are shown in Figure 
8.5. Five main compounds were detected by HPLC and LC-MS. Their name 
and chemical structures are shown in Table 8.3. Figure 8.5B showed that after 
boiling 20 min, compound 4 and 5 could not be detected by HPLC. These 
results are consistent with previous reports that allicin and vinyldithiin are not 





liable. Compound 1, 2 and 3 are three stable compounds under boiling 
condition. For a better understanding of effect of boiling time on these three 
compounds, we further explored the change of the content of compound 1, 2 
and 3 in the raw and boiled garlic extract. The result is shown in Figure 8.6. 
The change of content is expressed as the change of peak area under the curve 
detected by HPLC. Interestingly, the content of compound 1, 2 and 3 were 
even slightly increased after boiling for 10 and 20 min compared with the raw 
garlic extract. It is possibly due to the fact that heating improved the extraction 
efficiency. However, after boiling 40 min, content of these three compounds 





























Figure 8.5 Typical reversed-phase HPLC chromatograms of 
A) raw; and B) boiling 20 min garlic extracts 
 
Table 8.3 Name and chemical structures of organosulfur compounds in garlic 
extract detected by HPLC 
Peak Name Abbreviation Chemical structure 
1 -Glutamyl-S-allyl-L-cysteine GLUAlCs 
 
2 -Glutamyl-S-(trans-1-propenyl)-L-cysteine GLUPeCs 
 
3 -Glutamyl phenylalanine GLUPheAla 
 
4 Diallyl thiosulfinate Allicin 
 
5 3-Vinyl-[4H]-1,2-dithiin Vinyldithiin I 
 





























Figure 8.6 Peak areas of GLUAlCs, GLUPeCs and GLUPheAla detected 
by HPLC in raw and boiled garlic extract (wavelength=254 nm). 
 
In order to explore the ClO
-
 scavenging activity of these five compounds, 
we added a series of concentrations of sodium hypochlorite to the raw garlic 
extract to see the extent of content of these five compounds decreased (Figure 
8.7). The ClO
-
 scavenging activity of these compounds could be monitored by 
observing the difference of peak areas under the curves of individual peaks 
after the addition of ClO
-
 detected by HPLC. The five compounds can be 
identified as antioxidants related peaks as peak areas of these peaks were 
obviously decreased after addition of ClO
-
. Dose response can be observed for 
all the five compounds. Compound 1 showed the highest ClO
-
 scavenging 
activity followed by compound 2. Peak areas decreased almost 100% and 80% 
for compound 1 and 2, respectively, when ClO
-
 was at 16 mM. Compound 3, 4 
and 5 showed much lower ClO
-
 scavenging activity compared with compound 
1 and 2. Peak areas only decreased by 22.0%, 13.9% and 27.1%, respectively, 
when ClO
-

































































Figure 8.7 Decreased content (%) of GLUAlCs, GLUPeCs, GLUPheAla, 
allicin and vinyldithin in raw garlic extract after addition of different 
concentrations of ClO
-
 detected by HPLC 
 
Allicin is not stable and can be transformed into vinyldithiin in the presence 
of oil or organic solvents. When garlic is boiled, allinase is destroyed and 
allicin and vinyldithiiin could not be formed anymore (133). HPLC results 
showed that even after addition of 16 mM of sodium hypochlorite to the raw 
garlic extract, the content of allicin and vinyldithiin only decreased by 13.9% 
and 27.1%, indicating that they are not strong ClO
-
 scavengers. It is known 
that garlic contains two γ-glutamyl peptides which are GLUAlCs and 
GLUPeCs. These two organosulfur compounds have been reported to lower 
blood pressure (183) and to have cholesterol-lowering effect (184). ClO
-
 
scavenging activity assay indicated that GLUAlCs and GLUPeCs possessed 
very strong ClO
-
 scavenging activity. However, GLUAlCs and GLUPeCs are 





boiling for 40 min. Considering the obvious decreased ClO
-
 scavenging 
activity of garlic extract after boiling, some other ClO
-
 scavengers which are 
not heat stable probably exist and contribute synergistically to the ClO
-
 
scavenging activity of garlic extract.  
8.4 Conclusions 
In conclusion, the results obtained herein demonstrated that using quantum 
dots as a probe is a fast and accurate method to determine effectiveness of 
ClO
-
 scavengers. Thiourea was demonstrated to be the most potent in 
scavenging ClO
-
 compared to NaHS, followed by cysteine, methionine, 
PEITC, DADS and DAS. The ClO
-
 scavenging activity of these six 
organosulfur compounds was due to the oxidation of the low oxidation state 
sulfur atoms. In addition, our results showed that garlic extracts effectively 
scavenged ClO
-
 in a concentration-dependent way. Prelonged boiling 
decreased the ClO
-
 scavenging activity of garlic. Five main compounds 
including GLUAlCs, GLUPeCs, GLUPheAla, allicin and vinyldithiin were 
identified in raw garlic extract by HPLC and LC-MS. Allicin and vinyldithiin 
could not be detected in the boiled garlic extract. GLUAlCs and GLUPeCs 
which are two heat stable γ-glutamyl peptides showed the highest ClO- 






























In this project, proanthocyanidins from chiku, stem of Polygonum 
multiflorum and Amomi fructus were successfully characterized by HPLC with 
diol column, LC-ESI-MS
n
 and MALDI-TOF MS. Results from enzyme 
inhibition assay using high throughput method indicate that the 
proanthocyanidins isolated from these three plants are potent α-amylase and 
α-glucosidase inhibitors.  
Diol HPLC column was also successfully applied to characterize and 
quantify the gallotannins from traditional Chinese medicinal plants for the first 
time. This optimized and fully validated HPLC method could improve the 
resolution of individual peaks and could detect up to dodecamer of 
gallotannins. Isolated gallotannins extract from Paeonia lactiflora also 
exhibited potent inhibitory activity on α-amylase and α-glucosidase. In 
addition, inhibitory activity increased with increased number of galloyl units 
in the molecule. 
The interaction activity between proanthocyanidins and rice starch were 
discovered for the first time, and were characterized by enzyme inhibition 
assay and UV-VIS spectroscopy measurements. Although the interaction 
activity would compromise the inhibitory activity of proanthocyanidins, at 
lower concentrations, the starch hydrolysis could be inhibited after a certain 
reaction time because the bound proanthocyanidins were released upon partial 
hydrolysis of starch. This was supported by the evidence of UV-VIS 





spectroscopy measurements, starch/iodine assay and gelatinization behavior of 
amylose-starch complexes measured by DSC illustrated that amylose play the 
major role in complexation with proanthocyanidins. 
Tannin derivatives are also promising starch hydrloase inhibitors. A novel 
pancreatic α-amylase, namely dracoflavan B, which is a A-type 
deoxyproanthocyandin, was isolated from a traditional medicine-dragon’s 
blood. Unlike the majority of starch hydrolase inhibitors, dracoflavan B is a 
highly selective inhibitor, as it showed quite strong inhibitory activity on 
α-amylase but no inhibitory activity on α-glucosidase. Inhibition mechanism 
was measured by 3, 5-DNSA assay and results demonstrated that dracoflavan 
B was a non-competitive α-amylase inhibitor with a Ki value of 11.7 μM.  
A novel sensitive and accurate method for determination of ClO
-
 scavenging 
activity of organosulfur compounds using the quantum dots as a nanoprobe 
was developed. The ClO
-
 scavenging activity of six organosulfur compounds 
mainly from garlic and cruciferous vegetables was determined and compared. 
Thiourea exhibited the highest ClO
-
 scavenging activity. The ClO
-
 scavenging 
activity of these six organosulfur compounds was due to the oxidation of the 
low oxidation state sulfur atoms. In addition, results indicated that boiling 
decreased ClO
-
 scavenging activity of garlic extract. GLUAlCs and GLUPeCs 
which are two heat stable γ-glutamyl peptides are mainly responsible for the 
ClO
-
 scavenging activity of garlic extract.  





and they are shown in the following paragraphs.  
Dracoflavan B has very similar chemical structure with procyanidin A2. 
However, procyanidin A2 was observed to have no inhibitory activity on 
pancreatic α-amylase. The major structural characteristic of procyanidin A2 is 
the presence of two hydroxyl groups on B ring while for dracoflavan B there is 
no functional group on B ring and only two hydroxyl groups are present. 
Procyanidin A2 is widely distributed in the plants and easily accessible. 
Therefore, modification of the chemical structures of procyanidin A2 to 
enhance its α-amylase inhibitory activity may provide a low cost and effective 
method of developing promising agents for treatment of type II diabetes. I 
propose that protection of the OH group in procyanidin A2 may lead to 
different inhibitory activities. Thus, modifying the structures of procyanidin 
A2 by chemical methods to increase its α-amylase inhibitory activity is an 
interesting area for future study. In addition, dracoflavan B showed potent 
α-amylase inhibitory activity in vitro. However, the detailed information about 
its effectiveness in vivo is still not clear. Therefore, further research of animal 
test is warranted for evaluating the effectiveness and safety of dracoflavan B 
in vivo. 
  Tannins are abundant in plant kindoms and they are promising starch 
hydrolase inhibitors. In the future study, applying tannins as food supplements 
to some high starchy content food to develop low glycemic index food is an 





unpleaseant taste and their non-specific binding to proteins and other enzymes 
may decrease their effectiveness in vivo. Therefore, encapsulation of tannins 
may provide an effective method for preserving the activities of tannins in 
inhibiting the digestive enzymes in the small intestine and masking the 
unpleasant taste when they are consumed. We have observed and characterized 
the interaction activity between proanthocyanidins and rice starch. Thus rice 
starch may be a promising encapsulation agent of proanthocyanidins. Future 
investigation is warranted on comparation of the encapsulation efficiency of 
starch from various origins and development of food technology to enhance 
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Figure 1 The typical material of Amomi fructus 
 
